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Summary
Flexible high-strength woven fabrics are used for the reinforcement and protec-
tion of structures – aircraft engines, bullet-resistant vests, fragment barriers, etc.
Due to their favorable energy absorption capacity, they are particularly appropri-
ate for applications where rapid deformation occurs, such as projectile impact,
blast or explosion. However, these fabrics have a complex internal structure,
comprising interlaced yarns made of interacting fibres; this poses a challenge in
understanding the deformation mechanisms governing fabric response under pro-
jectile impact. Hence, fabrics constitute a topic of ongoing study by researchers,
who seek to characterize the primary deformation mechanisms.
By means of quantitative characterization of the fabric constituent yarns me-
chanical properties, which help in development of an accurate numerical model
of the fabric, this work aims at understanding the response of Twaron®fabric
to impact penetration by a spherical projectile. The mechanical behaviour of
constituent yarns at various strain rates is determined, and the effect of weaving
on yarn properties assessed. The fabric inter-yarn frictional characteristics are
studied via newly-proposed yarn pull-out tests; a numerical model incorporating
the fabric characteristics is developed in parallel to simulate the experiments.
The influence of in-plane pre-tension on yarn mobility is studied both experi-
mentally and numerically, and a parametric study is conducted to ascertain the
fabric frictional properties. An experimental study of the influence of pre-tension
XIII
CONTENTS
and projectile impact obliquity on fabric resistance to projectile perforation is
undertaken; the fabric response to projectile impact is also simulated, to identify
the deformation mechanisms affecting the fabric performance. Results show that
the fabric response is mainly governed by four deformation mechanisms; each of
these mechanisms evolves with varying pre-tension and obliquity, resulting in
optimum cases of projectile penetration resistance. The evolution of energy ab-
sorbed by the fabric with projectile velocity was also examined, and the effect
of pre-tension on the fabric energy absorption capacity assessed. Finally, an
investigation into the effect of pre-tension and projectile velocity on the fabric
transverse wave speed was conducted.
Several significant achievements in the study of the dynamic behavior of woven
fabrics have been made for the first time, such as:
• Development of an experimental arrangement to conduct dynamic tests on
yarns at very high strain rates, and which enable in-situ measurement of
yarn deformation;
• Clarification of the influence of weaving on the properties of aramid yarns;
• Establishment and validation of a new yarn pull-out test technique for more
realistic measurement of yarn mobility in relation to projectile penetration
of woven fabrics
• Development of a numerical model able to simulate pull-out tests over
XIV
CONTENTS
a large range of fabric pre-tensions, and two orthogonal orientations; this
yielded an understanding of the periodic oscillations in the force-time curves,
which has not previously been explained;
• Demonstration and explanation of the effects of pre-tension and impact
obliquity on projectile penetration resistance of fabrics; the numerical model
developed facilitated identification of key mechanisms governing fabric per-
formance and how they change with parameters such as pre-tension, impact
velocity and impact obliquity;
• Explanation of the profile of the relationship between energy absorbed by
the fabric and projectile velocity, as well as identification of the influence
of fabric kinetic energy in fabric penetration resistance;
These findings provide fresh knowledge and tools for researchers to study the
dynamic behavior of yarns and woven fabrics, and clarify phenomena on the
behavior of fabrics subjected to projectile impact, which were previously not well
understood; these are useful for the improvement and usage of fabric materials.
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The need for favorable mechanical performance (durability, energy absorption
capacity, strength and stiffness) and the petro-chemical revolution during the
1950s led to the formulation of new polymeric materials with superior properties.
Their performance makes them suitable for utilization in structural applications
necessitating high reliability, which traditionally is associated with metallic ma-
terials. Aramid fibres were developed in the 1970s; these polymeric fibres are
very stable, possess a low density coupled with high strength and toughness.
Since then, polymeric fibres in the form of woven fabrics or composite panels,
have progressively replaced metals and conventional plastics or textiles in vari-
ous products, such as structural components (i.e. aircraft engines or fuselages),
protective items (bulletproof vests, cut-resistant gloves), or sports equipment
(parachutes, climbing ropes). For such products, aramid fibres are favored be-
cause of their good energy absorption capacity and low density, which stems from
a high specific strength and stiffness.
1.1.1 Overview of the use of aramid-based materials
Aramid fibres were launched commercially in 1973 via the well-known Kevlar®
brand. Although it was initially intended for reinforcing tires in the car industry,
the exceptional properties of aramid fabrics rapidly lead to their usage in personal
protection items, as well as larger scale protective applications – vehicle armor,
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aircraft parts. Today, aramid fibres are found in automobile, construction, sport,
aerospace, and military components among others, as shown in Fig.1.1.
Due to their sustained stability when subjected to environments involving high
temperatures, and their low flammability, aramid fibres are excellent as protec-
tive layers against heat or fire, and are hence used in flame-resistant clothing
for firemen. Their essentially unidimensional microstructure is responsible for
the small degree of defects within fibres; they also possess good abrasion resis-
tance. Consequently, they provide good protection against cuts originating from
the manipulation of sharp tools (metallic joints, glass, knives, etc.) whereby the
user is protected by wearing aramid gloves. They are also incorporated in prod-
ucts such as brakes and sports equipment, where friction resistance is critical
(clothing, ropes).
Apart from exceptional wear resistance, aramid fibres are characterized by a
high load bearing capacity, along with a low density. This leads to efficiency
in utilization in situations where loading forces are high and hence necessitate
large supporting structures. Ropes and cables for hoisting ship cargo in harbors
must possess excellent durability in hostile environments, a long life span, and
the ability to carry large masses; the use of aramid fibres results in significant
weight savings. For the same reasons, these fibres are also used for concrete
reinforcement in the repair of buildings.
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Figure 1.1: Examples of applications of aramid fibres, yarns and fabrics [3–7].
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The majority of industrial applications of aramid fibres and yarns are in com-
posites structure and woven fabrics – fuselage structure in racing boats, con-
tainment belts in aircraft engines to contain catastrophic failures. In the latter
case, the exceptional ability of fabric to accommodate dynamic loading and pro-
jectile impact, helps contain explosions. For the same reasons, aramid fabrics
are widely used by military personnel in bulletproof vests, shields, or helmets.
This includes incorporation in structures whereby aramid is combined with steel,
such as in the bodies of armored vehicles. In such applications, aramid has en-
abled significant improvement of energy absorption capacity, in situations where
deformations takes place within time scales from microseconds to milliseconds,
and hence require rapid propagation of stress through the protective material to
minimize localization of loading. The use of woven fabrics in personal protective
equipment also facilitates greater comfort for the user, compared to rigid metallic
items (helmet, vest) due to the lighter weight and flexibility of fabric.
1.1.2 Difficulty in analyzing fibre performance
Aramids are already used in a variety of forms, ranging from unidirectional
fibre reinforcement, woven fabrics or in composites. Due to their molecular struc-
ture, aramids display complex and rate dependent material behavior. When used
in woven or composite structures, this leads to challenges in understanding the
material response, and the mechanisms governing it. Researchers have focused
on a variety of experimental and simulation approaches, to gain greater under-
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standing of the material response under different forms of loading (particularly
high speed impact, shocks), and to devise means to enhance the material perfor-
mance.
1.2 Aramid fibres and yarns
1.2.1 Microstructure and characteristics
1.2.1.1 Molecular structure
“Para-Aramids” are aromatic polyamides. Their highly oriented chains of
macro-molecules are composed of two amide links connecting two phenylene
rings, as shown in Fig.1.2(a). The directional nature of para-aramid chains arises
from a specific feature of their monomer; the latter exists in a trans-configuration
of the amid linkage depicted in Fig.1.2(b) – meaning that the oxygen and the hy-
drogen atoms, attached respectively to the carbon and nitrogen atoms, lie on op-
posite sides of the central chain. In the cis-configuration visible in Fig.1.2(c), they
lie on the same side of the chain, forcing it to curl. In the case of aramids, due to
the presence of phenylene rings which repel each other, the cis-configuration is
not favored. Hence, the molecular chains maintain a fairly straight orientation,
conferring on the fibres a unidirectional structure, which results in a relatively
high level of crystallinity. The parallel chains are held together by strong hy-
drogen bonds (due to the difference in electro negativity between hydrogen and
oxygen) [21]. Chains assemble together in a layered crystalline configuration,
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and inter-sheet bonding is ensured by van der Waals forces. The fibres have
a diameter of ∼ 10µm – i.e. an immense length to width ratio, resulting in
minimization of defects in the transverse direction, as the structure is essentially
mono-directional. The density of aramid fibres varies from 0.95 to 1.35, with a
yield strength between 1000 and 3000MPa; this results in a high specific strength
– defined as the ratio of strength to density. For instance, aramid fibre specific
strength is 10 to 15 times higher than that of steel.
Figure 1.2: Chemical structure of aramid. (a) monomer; (b) representation of p-phenylene
terephthalamide in the trans-configuration; (c) representation in the cis-configuration.
1.2.1.2 Fracture modes
Termonia et al. [22] studied the influence of elongation rate on fracture modes
of fibres. They showed that secondary bonds (H-bonds, Van der Waals bonds) are
activated at intermediate strain rates, whereas primary bonds (covalent bonds)
are responsible for failure at higher strain rates. Tan et al. [18] observed the fail-
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ure mechanism of aramid yarns, and they found that for low strain rates, there
was significant fibrillation in failed fibres, suggesting that the fibres failed pri-
marily from inter-molecular chain slippage. However, at higher strain rates, the
failure surface looked more neat, pointing to the failure of molecular chains. This
suggests that for strain rates up to 400s−1, inter-chain slippage is significant and
secondary bonds failure dominates, whereas for higher strain rates (∼1000s−1),
primary bonds are stretched to fracture.
1.2.1.3 Manufacturing and defects
When incorporated into industrial products or structures, fibres are rarely used
individually. For many applications, they are bundled together to form yarns,
which have properties that depend on the number and type of fibres. Fig.1.3
depicts T1040 Twaron® yarns, before and after weaving; the images show that
weaving increases fibre cohesion and entanglement within the yarn compared to
a non-woven yarn.
Figure 1.3: Micrographs of (a) non-woven and (b) woven Twaron yarns. Closely packed
fibres are visible for the woven yarn.
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It is relevant to highlight that the fibre (and consequently yarn) microstructure
is affected by fibre manufacturing and any post-manufacture processing. As
previously stated, aramid is composed of highly-oriented PPTA molecular chains;
bonded together, these groups of molecular chains form fibrils. The fibrils are
attracted together to form fibres, which appear as a continuum strand at the
macro-level [10]. Fibre manufacture involves several complex processes [10], in
which defects (premature chain termination, side groups, voids and interstitials,
or planar defects) can be introduced by chemical reactions or heat; these defects
are randomly distributed in the molecular chains and weaken the virgin fibre.
Post-manufacture processes, including that associated with weaving, result in
additional chemical and mechanical manipulation of yarns, and damage can arise
from several factors – e.g. friction between fibres, contact between the weaving
equipment and yarns, or chemical treatment such as application of hydrophobic
dyes [23].
The properties of yarns are often defined with respect to their length due to
their one-dimensional structure. Linear density is measured in decitex (g/10,000m
denoted as dtex) or denier (g/9,000m denoted as den); the strength or tenacity is
defined as the breaking force per unit linear density, i.e. N/dtex or N/den. How-
ever in continuum mechanics, the more common volumetric density ρ, stiffness




Many polymers exhibit complex temperature-dependent and rate-dependent
behavior. Rate-dependent materials do not have the same response to a given
load if the load is applied at different loading rates; their mechanical properties
– ultimate strength, maximum strain, stiffness, energy absorption capacity – are
affected by deformation rate. Strain rate is measured in 1/s, and ranges from
quasi-static (< 10−1/s) to dynamic (> 102/s) depending on deformation speed.
Aramid fibres are observed to exhibit rate-dependence when subjected to high
strain rate deformation, as initially found by Roylance et al. [24]. It has since
been showed that the tensile strength, stiffness and ultimate failure strain of
aramid yarns, exhibit a strong dependence on strain rate [25–28]. Consequently,
to accurately characterize aramid fibres, tests must be conducted over a wide
range of strain rates. Several tools have been developed to enable this, and they
are described in the following section.
1.2.3 Experimental methods for dynamic testing
1.2.3.1 Review on testing methods for dynamic tests
Roylance et al. [24] and several others [25–28] observed that aramid fibres ex-
hibit viscoelastic behavior. Researchers working on fabric modelling also proved
that including viscoelasticity was necessary to describe yarn behavior accu-
rately [29], especially when simulating projectile impact, which involves high
10
CHAPTER 1. INTRODUCTION
rate deformation. For quasi-static strain rates, the use of Universal Testing Ma-
chines is generally adequate and test standards have been developed. However,
it is more difficult to undertake experimental material characterization at high
strain rates. As a consequence, the development of special devices to test yarns
at high strain rates have been formulated.
Zhu et al. [8, 30] used a servo-hydraulic machine, shown in Fig.1.4, to study
the properties of Kevlar® 49 yarns and fabrics at strain rates up to 100/s.
High speed photography was employed to observe the deformation and failure
response of yarns and quantitatively measure specimen strain. However, the
mechanism governing failure was not well understood because information from
the high speed images was limited. This arose from the use of high contrast black
and white images, which prevent the viewing of single filaments. Moreover, the
strain rates achieved were relatively low (up to 100/s only), and hence the data
obtained did not encompass a sufficiently large range of dynamic strain rates.
Another method to analyze yarn behavior is to impact a yarn transversely
[31]; this enables observation and examination of transverse wave propagation, as
shown in Fig.1.5. Smith et al. [32] used this approach to propose an analytical
model relating the transverse wave speed to the tension in the yarn. Park et
al. [33] found a dependence of the transverse wave speed on projectile velocity,
and showed that a higher longitudinal wave speed improves the material response.
This method is also relatively useful for studying yarn transverse deflection,
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Figure 1.4: Servo-hydraulic machine used by Zhu et al. [8].
which can be considered as a simplified one-dimensional representation of fabric
deflection when it is subjected to projectile impact. However, these experiments
cannot quantify the mechanical properties of yarns (tensile strength, stiffness,
failure strain), which are required for material characterization and simulation.
Figure 1.5: Example of transverse impact.
To study material response over a large range of dynamic strain rates (102 −
104/s), the Split Hopkinson Bar is widely used because of its reliability and
12
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adaptability to various experimental set-ups – e.g. shape of specimen, bar ma-
terial and size of bar. It was originally developed by Kolsky et al. [34] as a tool
to test materials subjected to compression (Fig.1.6(a)), and has been modified
for dynamic tension tests. Fig.1.6 shows (a) compression and (b) tensile systems
and their main features.
Figure 1.6: Schematic representation of (a) Compressive (pressure) and (b) Tensile Hop-
kinson bar.
The specimen is mounted between the bars. For compression bars, the striker,
usually propelled by pressurized gas or a spring, impacts the incident bar, gener-
ating a compressive stress wave, which crushes the specimen between the input
(incident) and output (transmission) bar. When the input pulse reaches the
specimen, part of the wave is transmitted to the output bar, and part of it is
reflected back into the incident bar. The incident, transmitted and reflected
waves are measured by strain gauges on the bars, and the signals are recorded
by an oscilloscope. Based on 1D wave theory, the deformation and stress in the
13
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specimen are deduced. (See Appendix A for details on derivation of equations).
The setup is slightly modified for tensile loading (Fig.1.6(b)), whereby a tubular
striker impinges a flange at the proximal end of the input bar, generating a tensile
stress pulse which propagates towards the specimen, inducing tensile deforma-
tion. As with the compressive system, part of the wave transmits through the
specimen into the output bar, and part of it is reflected back into the input bar.
Connection between the specimen and the bars must be good to ensure effective
clamping of the specimen. This is quite challenging for yarns and researchers
have investigated different clamping methods – e.g. using adhesive, squeezing
the yarn between two plates, or wrapping the yarn around a cylinder.
1.2.3.2 Review of experiments on polymeric yarns using Hopkinson
bars
Since aramid fibres generally exhibit obvious rate-dependence, the Hopkin-
son bar is used by researchers to subject specimen to high rate deformation, to
approximate conditions encountered during ballistic impact.
Lim et al. [35] designed a miniaturized Hopkinson Bar to study the dynamic
behavior of aramid fibres, while Hudspeth et al. [36] used the same setup to
determine the tensile and shear response of UHMWPE fibres. More recently,
Sanborn et al. [23] observed that fibres which had previously been subjected to
weaving exhibited degraded performance in terms of strength compared to non-
woven fibres. By means of a modified tensile bar, Wang [37], Tan et al. [18]
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and Koh et al. [38] examined the dynamic behavior of aramid and UHMWPE
yarns. Their reports highlighted the difficulties in manipulating yarns, because
their microstructure comprises soft and light interacting fibres. A major concern
is to clamp yarn specimens in a way that ensures uniform stretching of all the
constituent fibres. Unlike materials such as metals or conventional polymers,
which can be made into specimens that can be screwed directly onto the loading
bars [39–41], special fixtures are required to connect yarn specimens. Early
methods [37] involved the gluing of fibres and winding of yarns around a rod but
these are tedious, and can result in stress concentration. Tan et al. [18] proposed
a simpler fixture to test Twaron® yarns at high strain rates. However, in their
setup, a major portion of the yarn specimen is concealed by the fixtures and
only a small portion is exposed. This necessitates the use of long specimens,
which limits the maximum strain rate that can be imposed, and makes in-situ
observation of yarn deformation and failure via high-speed photography difficult.
Koh et al. [38] used the same set-up to study Spectra® 900 yarns. They identified
error that can arise from impedance mismatch between the specimen clamps and
the loading bars, and developed an approach to correct it. This points to the
need for a reliable technique to clamp yarn specimens.
The experiments conducted confirm the difficulties related to handling and
testing of fibre. Moreover, unlike laminates, aramid yarns such as Twaron® and
Kevlar® are usually woven into fabrics of specific patterns, as shown in Fig.1.7.
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Within the fabric, yarns acquire some crimp in their profile, which remains even
after extraction from the fabric. This crimp has been identified as a factor in-
fluencing the ballistic resistance of fabric [17, 29]. However, the influence of the
weaving process on the properties of yarns (strength, failure strain, energy ab-
sorption capacity, etc.) is not well understood. Shahkarami et al. [42] proposed
an empirical description for the response of Kevlar® 129 yarns and suggested
that uncrimping does not involve any stress increase. This was also discussed
by Tan et al. [43] who concluded that uncrimping involves no energy absorption
in CT716 Twaron yarns. More recently, Sanborn et al. [23] extracted Kevlar
KM2 fibres from a yarn and compared woven fibres with unwoven ones. Their
results showed that the weaving process partially damages the fibres, resulting in
degraded properties in terms of strength and stiffness; they observed a decrease
of more than 20% in tensile strength and 18% in stiffness for woven fibres, com-
pared to unwoven fibres. However, a direct comparison between the mechanical
properties of non-woven and woven yarns has yet to be undertaken. This compar-
ison is useful to accurate characterization of yarn behavior, since experimental
results are used for constitutive modeling of yarns, from which computational
simulation of fabric response can be performed.
16
CHAPTER 1. INTRODUCTION
Figure 1.7: (a) UD Laminate fabric structure and (b) two scales of a T717® woven fabric
1.3 Woven fabrics
1.3.1 Types of fabrics
High-strength yarns, when employed in 2D structures, are mainly found in
forms – laminates and woven fabrics (Fig.1.7). In laminates, the yarns or fibres
are aligned and bonded between polymer sheets. In woven fabrics, yarns are held
together via crossover points; the fabric integrity depends on the constraints
imposed by these crossovers. When a fabric is manufactured using a weaving
loom, the warp yarns are held horizontally (usually with a certain pre-tension)
while the weft or fill yarns are inserted in between. The weaving process can alter
warp and fill yarns properties differently, and some researchers have observed
that for high-strength polymeric fabrics, warp and weft yarns depict different
mechanical properties. Nilakantan et al. found that warp yarns are more difficult
to extract from a woven fabric [44]; they also studied the quasi-static response of
warp and weft yarns, and observed that the quasi-static strength of warp yarns
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is less uniform and lower than that of weft yarns [19].
In high strength fabrics, the yarns are interlaced together via various weaving
patterns, and this may influence the fabric properties, similar to classic textiles.
The main types of weaves (common to textiles) are summarized in Fig.1.8.
Figure 1.8: Classification of weave patterns [9]
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Researchers have examined the effect of weaving pattern on the fabric perfor-
mance; Song [45] and Zhou et al. [46] compared the ballistic impact performance
of twill weave, satin weave and plain weave pattern. They found that plain
weave fabrics display the best performance, which is attributed to the highest
number of crossover points [47], improving fabric integrity and promoting wave
propagation. Textiles for clothing might still use other weaves due to aesthetic
considerations, but for high-strength fabrics, performance in terms of physical
properties (thermal, mechanical, and chemical) is the primary consideration.
Hence, most manufacturers produce plain weave fabrics; experimental and com-
putational studies [14, 48–50] have also focused mainly on this type of weave,
because of its superior performance and the literature available for comparison.
Apart from the weave pattern, several other parameters that characterize fab-
rics are also specified:
• Thread density/yarn count: measured in number of yarns/distance; this
parameter depends on yarns size, and is an indication on the tightness of
the fabric. Fabrics with a tighter weave or that are made of yarns with
smaller diameters have a higher thread density
• Yarn cross sectional area: depending on the number of fibres assembled
together to form the yarn, there are different yarn cross-sectional areas
and yarn linear densities for a given fibre material
• Yarn crimp: when woven into a fabric, yarns acquire some crimp, i.e. a
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wavy profile due to the presence of yarn crossovers; Fig.1.9 depicts a side
view of a fabric, whereby a weft yarn is seen passing around its transverse
warp yarns counterparts. Crimp depends on the fabric structure, and in-
fluences fabric performance [46]. Yarn crimp is measured in percentage,
which is defined by the difference in length between a straight yarn and a
crimped yarn (Fig.1.10):
crimp = lstraight − lcrimped
lcrimped
× 100 (1.1)
Figure 1.9: Cross-sectional view of a woven fabric, showing the crimped profile of a yarn.
Figure 1.10: Comparison between crimped and straight yarns.
• Fabric thickness: depends on yarn size and yarn crimp
• Fabric areal density: measured in g/m2; depends on yarn linear density
and also the thread density and yarn crimp
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1.3.2 Yarn mobility and friction in woven fabrics
Friction influences the behavior of woven fabrics greatly, as it affects yarn
mobility, yarn stretching, and fabric integrity. Several experimental methods
have been developed by researchers to quantify this.
1.3.2.1 Capstan equation
Dong and Sun [51] designed an experimental setup to measure the friction
coefficient of a fabric, based on the Euler (capstan) equation [1]. The equation
states that for a yarn wrapped around a cylinder and subjected to two opposite
forces in equilibrium at its extremities, the relationship between the loading
force and the holding force depends on the angle over which the rope is wrapped
around the structure, as shown in Fig.1.11.
Figure 1.11: Capstan equation and coefficient of friction.
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Figure 1.12: Experimental setup for measurement of the coefficient of friction between
yarns.
In the equation, µ is the coefficient of friction between the cylinder and the
yarn and θ is the wrapping angle of the yarn over the cylinder, in radians (see
Appendix B for proof). This equation essentially shows that by wrapping a rope
around a pulley, the force necessary to sustain the load decreases exponentially
with the number of loops – a concept experienced by sailors or climbers. Dong
and Sun [51] used this equation to experimentally characterize the coefficient
of friction between yarns and surfaces. Their experimental setup is shown in
Fig.1.12. The cylinder is covered with yarns, and two masses are suspended
from the yarn which passes around the cylinder, i.e. in contact over an angle pi
with the cylinder. M1 is fixed and M2 is progressively increased until the system
is in equilibrium; the coefficient of friction between the yarns is deduced from
the ratio between both masses based on the Euler equation.
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1.3.2.2 The pull-out test method
A fabric’s capacity to accommodate projectile impact depends on various pa-
rameters, including integrity and hence yarn mobility. Inter-yarn friction helps
transmit stress through a fabric because of contact between yarns [46,52], which
restrains yarn movement due to the numerous yarn crossovers [53]. Methods
have been developed to characterize and study the parameters affecting yarn
movement and pull-out from a fabric.
1.3.2.2.1 Methodology for determining yarn friction
When woven fabrics are perforated by a projectile, yarns at the center of the
fabric are frequently partially pulled out of the fabric plane, as shown in Fig.1.13.
This process is part of the total energy absorption mechanism and depends on
the frictional properties of the yarns; however quantifying this is a challenge. The
yarn pull-out test aims to recreate this phenomenon and study the parameters
affecting the force necessary to extract a yarn. The test was initially developed
by Sebastian et al. [54] to examine the effect of a softening agent on fabric
properties.
It involves pulling out one or several yarns from woven fabric subjected to
different constraints, and measuring the pull-out force (Fig.1.14). Contrary to
ballistic impact, where yarn pull-out occurs at the center and perpendicularly to
the fabric plane, the yarn is extracted parallel to the fabric plane and from the
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Figure 1.13: Example of yarn pull-out during projectile impact (image from experiments
conducted in current study).
fabric edge in pull-out experiments; this precludes direct comparison between
the two pull-out modes.
Figure 1.14: Experimental setup for pull-out test.
However, as with projectile impact experiments, the size and geometry of the
fabric specimen, as well as the constraints on the specimen can be varied for each
pull-out test; this enables identification of the influence of these parameters on
fabric performance. As shown in Fig.1.15, the shape of the force - displacement
curve from a pull-out test depicts a pattern consistently reported [19,51,54–56].
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There is an increase in force until the pulled yarn starts moving, after which
the curve displays a decrease in the average force, superimposed by sinusoidal
fluctuations. These fluctuations correlate with the number of transverse yarns
the pulled yarn has to cross before exiting the fabric; however the mechanics
of this phenomenon has not yet been fully understood. This is partially due to
the lack of efficient and realistic numerical simulation of pull-out tests reported
in literature; the absence of reliable simulations of yarn pull-out experiments
has prevented researchers from providing an explanation of their experimental
results, particularly with regard to the profile of the curve.
Figure 1.15: Profile of force-displacement curves from pull-out tests.
1.3.2.2.2 A review of experimental work on yarn pull-out
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Using the experimental setup described in Section 1.3.2.2.1 (Fig.1.14), Kirk-
wood et al. [57] proposed a theoretical model to relate the force sustained by a
yarn to its extension. Dong and Sun [51] found that fabrics with a higher yarn
count (or thread density) require a higher force to extract a yarn from the weave;
they also determined experimentally the inter-fibre static coefficient of friction,
and reported values ranging from 0.20 to 0.39. This shows that yarn pull-out is
also a useful tool for characterizing fabric integrity, since it quantifies the force
necessary to extract a yarn from a woven fabric.
Bilisik [55] found that fabric density, number of pulled yarns, and specimen size
significantly affect yarn mobility, because fabric rigidity is greatly dependent on
these parameters. More recently Nilakantan and Gillespie [19] showed that fab-
ric pre-tension enhances resistance to yarn pull-out, and that the pull-out force
varies linearly with pre-tension. They also noticed that the peak pull-out load
decreases with pull-out speed, which may explain why in ballistic experiments,
where speeds are relatively high, yarn pull-out is often observed. However, no
study on the energy dissipated during pull-out has yet been undertaken. Zhou et
al. [58] recently used simulation to study the influence of friction on the ballistic
performance of polymeric fabrics, and concluded that determining the appropri-
ate friction value is key to successfully modelling a ballistic event in a weave.
Their results were however not compared with experiments, and confirmed the
difficulties linked to ascertaining frictional characteristic of woven fabrics. Fur-
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ther investigations need to be undertaken to address this issue.
1.3.3 Impact performance of woven fabrics
High-strength woven fabrics are widely used in applications which require ma-
terials with a high energy absorption capacity and a low density. Such fabrics are
particularly attractive due to their ability to resist high velocity impact, which
occur in various situations – fragments from blast or explosion, firearm projectiles
and accident. When a fabric is subjected to high-velocity impact, the yarns that
first come into contact with the projectile are termed ”primary yarns”; when they
deform, they propagate deformation to yarns not in contact with the projectile,
known as ”secondary yarns”. Characterizing fabric performance when they are
subjected to projectile impact is of importance to users, and various experiments
have been developed to address this demand. The response to projectile impact
is complex and depends on a range of parameters. Some of them are inherent to
the fabric structure (e.g. inter-yarn friction [17,59–61], fabric density, yarn prop-
erties [47], geometrical features, constituent material [62], weave pattern [46],
surface treatment [60], etc.), but others are imposed on the fabric – projectile
geometry, constraints on the fabric and boundary conditions, which can affect
the results. To characterize a fabric’s ability to resist projectile impact, several
key indicators are commonly studied by researchers.
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Ballistic limit As the term indicates, this is the highest projectile impact
velocity a fabric specimen can withstand before perforation occurs. Essentially, it
is the maximum projectile velocity which results in a negligible residual velocity.
However, in experiments, this quantity is not exact; the maximum projectile
velocity which a fabric can sustain before perforation is sometimes higher than
the minimum velocity for penetration. Hence, the criterion to define the ballistic
limit must be specified. Shim et al. [20] considered the minimum velocity at which
perforation is observed. Many researchers use the V50 definition, which is defined
either as the impact velocity where half the tests result in perforation of the fabric
[63], or the velocity at which the specimen has a 50% probability of perforating
of the fabric. Given the limitations of experimental setups (which may not
repeat the same impact velocity precisely), a probabilistic velocity response curve
(PVR) [59] (Fig.1.16) can be determined based on the fitting of experimental data
based on a normal distribution. This curve also provides a useful insight into
the fabric performance, ranging from essentially certain resistance to essentially
definite penetration.
Residual velocity The residual projectile velocity is zero if impact velocity is
below the ballistic limit, and non-zero if penetration occurs. The residual velocity
is measured via optical images of fabric captured at deformation. These images
require high speed cameras (20,000 to 300,000 frames/s), given the short duration
of penetration (usually less than 1ms), and the need for sufficient lighting of the
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Figure 1.16: Example of probabilistic velocity response curve and determination of the
V50.
target [17,20].
Energy absorbed by the fabric During impact, the projectile is decelerated
by the fabric, and loses some of its kinetic energy. The energy absorbed by the
fabric is the difference in projectile kinetic energy before and after impact [12]. If
the projectile retains a velocity after perforation, its kinetic energy is derived from
high-speed images used to calculate the residual velocity. For non-perforation,
the energy absorbed by the fabric corresponds to the projectile initial kinetic
energy.
Maximum fabric normal deflection This is the maximum displacement nor-
mal to the fabric plane during impact. The woven fabric in this study is often
used in body armour; in such applications, several layers of fabric are stacked
together. When evaluating such systems, post-impact depression in the fabric
is an important criterion (NIJ Standard-0101.06), because it indicates the blunt
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Figure 1.17: Example of high-speed camera images, for two ballistic impacts; the projec-
tile velocity is similar but the in-plane pre-tension force is different, resulting in different
maximum transverse deflection.
trauma protection afforded by the fabric. The post-impact depression is an indi-
cator of the energy transferred to the backing [62]. Hence, the maximum fabric
normal deflection is a relevant parameter in studies related to injuries and blunt
trauma [62], because fabric deflection must be minimized to reduce damage on
the protected area. Fig.1.17 shows two impacts at similar velocities, but the




1.3.4 Review of ballistic performance of fabrics
Experiments to examine the response of fabric to projectile impact have been
developed in relation to a number of parameters, summarized in Fig.1.18, which
are classified according to fabric and impact conditions.
Figure 1.18: Main parameters affecting fabric response to projectile impact.
Cunniff [64] proposed a semi-empirical model to relate the residual velocity
of the projectile to the fabric properties; the model links the areal density of
the fabric to the geometry of the projectile and its mass. The ballistic limit of
the fabric is proportional to its areal density, and inversely proportional to the
projectile diameter; however, Nilakantan et al. [65] later found that the ballistic
limit is higher for larger projectiles size with the same mass.
The inherent multi-scale and complex structure of woven fabrics means that
there are several mechanisms governing their performance; this results in chal-
lenges in analyzing experimental data [60, 66, 67]. To help identify these mech-




• Uncrimping: when a fabric is stretched, its yarns start straightening and
the crimp acquired during weaving is removed, as the yarns straighten
before stretching. For fabric clamped at two opposite edges, when the lon-
gitudinal yarns are stretched, the transverse yarns become more crimped.
Sadegh and Cavallaro [68] showed that this crimp imbalance improves the
fabric performance by constraining yarn motion and improving fabric in-
tegrity
• Yarn stretching: the response of the yarns depends on their material char-
acteristics; aramid yarns usually exhibit viscoelastic behavior and strong
rate dependence [25–28]
The three others mechanisms result from yarn contact interactions (friction, slid-
ing) in the fabric:
• Yarn relative rotation or trellising: the in-plane angle between warp and
weft yarn varies, with an elastic component due to in-plane rotation, and
a dissipative component due to friction at yarn cross-over points
• Locking: resistance increases as yarns of opposite group are locked because
of stretching; this mechanism resists yarn pull-out
• Yarn slip or yarn migration: when a projectile penetrates a fabric, yarns
need to separate for the projectile to perforate; some of them are also
partially or totally pulled out of the fabric
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Although high strength fabrics are valued for their high specific strength, stiff-
ness, and absorption capacity, their behavior is significantly affected by frictional
interaction among constituent yarns. As stated previously, inter-yarn friction
promotes stress transmission within the fabric [52, 58] and restrains yarn move-
ment [53]. Frictional dissipation is the energy absorption mechanism when a
perforating projectile pulls one or more yarns out of the weave, contributing to
decelerating the projectile [20,53].
These five mechanisms – uncrimping, yarn stretching, yarn relative rotation,
locking and yarn migration – are responsible for the complex fabric response
when subjected to ballistic impact. Each of them is affected differently by im-
pact parameters such as those shown in Fig.1.18, and understanding how these
parameters influence the fabric performance (positively or negatively) and by
what mechanism, is of particular difficulty. As a consequence, authors have
worked on isolated parameters to give insights into fabric performance.
Projectile geometry The effect of projectile geometry on fabric response, in
terms of ballistic limit and deformation mechanism has been examined. Tan and
Khoo [69] studied the influence of four geometries: ogival, conical, hemispherical
and flat ended-cylindrical. They found that compared to spherical projectiles,
the failure mechanisms for conical and ogival projectiles were different, that
damage was localized, and fewer yarns were deformed. Nilakantan et al. [65]
undertook an extensive study using a projectile fixed mass with different shapes
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(cone, cylinder, sphere) and sizes. Their study suggested that projectiles with
a larger impact contact area (cylinder) lead to higher ballistic limits, because
those with a smaller contact area (cone or sphere) could wedge between yarns
without inducing failure in them. Consequently, larger projectiles encounter
greater resistance from fabric. Most studies have employed spherical projectiles
to identify fundamental deformation mechanisms affecting the fabric response,
due to their easier availability (compared to military projectiles) and the wide
database available for comparison.
Friction Nilakantan and Gillespie [70] modelled fabric with various boundary
conditions subjected to impact by a spherical projectile: clamped at two edges
and clamped at four edges. They found that the coefficient of friction between
the yarns affects fabric performance in terms of the ballistic limit. For a fabric
clamped on two-sides, the ballistic limit was found to increase with coefficient
of friction, which promotes stress transmission within the fabric due to tighter
constraints at yarn crossovers. For a fabric clamped at four sides however, the
clamped yarns are already severely constrained by the fixed boundaries, and
increasing the friction coefficient degrades the fabric performance because it hin-
ders movement of the yarns even more. Similarly, Duan et al. [60] showed that
the main role of friction was to enhance fabric integrity, and observed that in-
creasing inter-yarn friction resulted in a higher strain energy absorption capacity
of the fabric. However, Das et al. [61] found that if inter-yarn friction is exces-
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sive, it can actually diminish fabric performance, due to excessive constraints
at the crossover points, which hinder yarn mobility and their ability to stretch,
and hence fabric deformation and absorption energy. Tan et al. [52] experi-
mentally enhanced fabric friction by adding silica particles to the material; as
with Das et al. [61], they found that beyond a certain limit, the ballistic per-
formance decreases because of excessive constraint on yarn mobility. There is
general agreement on the influence of friction on the fabric internal structure;
by restraining yarn mobility, fabric integrity is improved but this can precipitate
premature failure if constrained excessively. A challenge is accurate measurement
of frictional properties.
Obliquity Cunniff [64] highlighted that with respect to impact angle, normal
impact is the worst scenario when a projectile strikes a fabric and most studies
have focused on this configuration [14, 48, 64, 71, 72]. Impacts at oblique an-
gles have not been comprehensively studied. An initial study by Tan et al. [73]
involved both normal and oblique impact on single plies of Twaron® fabric,
and appeared to confirm that the ballistic limit increases with impact obliq-
uity. However, Shim et al. [20] experimentally examined the influence of im-
pact angle of incidence on the ballistic limit, from normal impact to 45 degrees.
They concluded that based on the range studied, the ballistic limit displayed a
decreasing-increasing trend with angle. They identified the competition between
two mechanisms in oblique impact – asymmetric deformation of clamped yarns
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due to friction between the fabric and the projectile, which degrades ballistic
resistance and sliding of the projectile against the fabric, which retards the pro-
jectile and increases the ballistic limit. This has yet to be examined by numerical
simulation, and provides an interesting area for investigation.
Fabric pre-tension Application of pre-tension to a fabric target was found by
Nilakantan et al. [19] to affect the yarn mobility when they performed yarn pull-
out tests. Studies on this appear scarce, especially regarding the influence of pre-
tension on the ballistic limit and fabric deformation mechanisms. Some numerical
and experimental studies have been undertaken and produced interesting results;
Fan [74] found that increasing pre-tension in the fabric increased the ballistic
limit until a critical pre-tension value was reached, after which it resulted in a
decrease; Kumar [75] conducted an experimental study, and also appeared to
observe such a trend. However, due to the complexity of his experimental setup,
the results were not sufficiently consistent to assert clear trends and a conclusive
investigation has yet to be undertaken.
1.4 Computational modelling of woven fabrics
1.4.1 Introduction
The multiscale and complex structure of a woven fabric is responsible for the
various mechanisms governing fabric response to ballistic impact. Information
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available from the experiments, apart from data analysed from the high-speed
images (deformation and residual velocity mainly) is limited. To understand
the mechanisms that control the fabric response, the development of numerical
models is helpful. The development of computational tools in recent years has
enabled this:
• New partial differential equation (PDEs) solution methods have allowed
calculation of approximate solution to equations that cannot be solved
explicitly. These include time-discretization methods, which facilitate iter-
ative solution of time-dependent equations describing dynamic phenomena,
and space-discretization methods, like the Boundary Elements method, the
Finite Volume method, or the Finite Element method. The latter allows
solution of problems involving loads on structures with complex geome-
tries. The Finite Element method is particularly efficient for solving PDEs
governing structures with complex geometries
• The increase in computer performance, both in terms of power and storage
capability, enables complex algorithms to be executed to the level of preci-
sion required; it also allows the size of the models to be increased (in terms
of number of elements), permitting finer comparison with experiments
Researchers working on the ballistic resistance of woven fabrics have benefited
from simulations, which provide new insights to understand the dynamic be-
havior of woven materials, enabling confirmation of hypothesis and proposition
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of new ones. Fig.1.19 summarizes the trade-off that must be made based on
computational power available – i.e. between model size, duration of simulation
(which also depends on time-scale considered) and accuracy.
Figure 1.19: Schematic representation of the trade-off between accuracy, time and model
size.
Simulation accuracy depends greatly on the precision of the geometrical
model, which aims to capture fabric features as close as possible to that in
experiments; however, the multi-scale structure of fabrics imposes limits on the
level of detail, which depend on the focus of each study. Fig.1.20 summarizes the
common modelling scales reported in literature. Most of them use a continuum
mechanics framework, based on Newton’s Second Law, but at molecular levels,
other theories are used.
1.4.2 Review on modelling methods of fabrics
Simulations using methods like Molecular Dynamics enable the solution of new
problems. The effect of defects due to manufacturing processes has been mod-
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Figure 1.20: Different scales for fabric modelling [10].
elled by Grujicic et al. [10, 21] who quantified their influence on fibril strength.
However, these codes essentially focus on molecular or atomistic interactions, and
hence are not able to clarify observations made in experiments, at the macro-
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level. Since the present study focuses on simulating deformation observed in
experiments on woven fabrics, the modelling scale must be sufficiently large.
Hence, a continuum mechanics framework is used. Various methods to capture
fabric details are summarized as follows.
1.4.2.1 Continuum plate level modelling
When a fabric is modelled as a continuum plate, its internal structure is ho-
mogenized as a continuum, with characteristics of the fabric. Lim et al. [11]
proposed a model (Fig.1.21) that incorporated viscoelasticity, and provided a
reasonable description of the energy absorbed by the fabric, and the projectile
residual velocity. Modeling fabric as a continuum is computationally inexpen-
sive. However, such a model do not capture inter-yarn level interactions, as the
internal structure of the fabric is not considered; inter-yarn friction, unraveling,
weave pattern influence or yarn movement cannot be described.
Figure 1.21: Projectile penetration of fabric modelled as continuum membrane [11].
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1.4.2.2 Pin-joined orthogonal bars network
Fabric is represented as an orthogonal network of 1D truss elements; yarns are
discretized in a very simplified geometry and elements are pin-joined, allowing
rotation in 3 directions (Fig.1.22). This implies zero bending stiffness of the
fabric, which is not unreasonable for woven fabrics, as such 2D structures indeed
have a much lower rigidity than an equivalent metallic plate.
Figure 1.22: Pinned-join orthogonal network of trusses [12].
This model provided reasonable results [12, 29, 76] for the global impact re-
sponse of a fabric in terms of deflection, wave propagation speed and energy
absorption. However, the discrete nature of the yarns is an oversimplification
and the influence of the weave structure or the contribution of inter-yarn friction
could not be modelled, because yarn crossovers, which are affected by friction,
are absent. The 3D structure and the influence of crimp are also absent. Since
friction is essential in describing fabric performance, new geometries had to be
developed.
1.4.2.3 One-dimensional yarn models
This model addresses the modelling of crimp in the fabric. Tan et al. [43],
Zeng et al. [77] and Koh [78] managed to model the crimp in yarns using a
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simple zigzag pattern (Fig.1.23).
Figure 1.23: Yarn modelled as truss elements; crimp is modelled by a zigzag pattern.
One limitation of this model is the use of truss elements, which have no in-
trinsic thickness, and only sustain stress in the element direction (tensile or
compressive). They are also infinitely stiff in bending; this raises issues related
to surface interaction (sliding, inter-yarn friction) and it cannot simulate the ac-
tual fabric structure because the volume of a yarn is not considered. Koh [78]
also found that after failure, moving truss elements may impact the remaining
yarns, resulting in artificial stress concentrations.
1.4.2.4 Shell and membrane elements
Cuong et al. [79] used shell elements to study the influence of yarn shear
modulus on simulation results. These elements were also used by Park et al.
[33] but they noticed that such elements could not accurately model frictional
interactions in a fabric, which led to severe discrepancies between simulations and
experiments. Unlike membrane elements, 2-dimentional shell elements possess a
flexural stiffness, which result in an overestimation of the bending rigidity of a
fabric.
As yarns are made of fibres with intrinsically minimal flexural stiffness, mem-
branes elements, which do not have any bending resistance, are a better choice
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(Fig.1.24). These elements were used by Fan [74] and Grujicic et al. [13], who
found that in terms of fabric deformation and overall energy absorption, second
order membrane elements yielded results similar to that of 3D linear elements,
but at a lower computational cost.
Figure 1.24: Plain weave fabric modelled by membrane elements [13].
However, although membrane elements have attractive properties, their flat
geometry precludes them from modelling actual geometrical characteristics of
a fabric. Features like volume deformation or inter-yarn friction lack precision
because the contact area is over-simplified. Moreover, fabric integrity is reduced
due to inherent poor contact and constraints at yarn crossovers.
1.4.2.5 3D yarn level models
A 3D yarn-level model was introduced by Shockey et al. [80] to study impact
on fragment barriers in commercial aircraft. Several others have since used this
model to simulate fabrics [42]. When using solid elements, computational cost
is a prime concern and often limits the model size; hence, the results are rarely
compared quantitatively with experimental work due to the inability to model
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large geometries. Gogineni et al. [14] [63] used 3D elements and modelled only
a quarter of a small fabric specimen using a fine mesh (Fig.1.25), there was no
comparison with experiments. Zhou et al. [58] also simulated a fabric quarter-
model, to study the influence of yarn-yarn friction on fabric performance; their
discussion was mainly analytical as experimental results were not available for
comparison.
Figure 1.25: Model by Gogineni, with a very fine mesh. [14]
Grujicic et al. [13] also used solid elements to model the yarn; their model was
reliable in providing reasonable results for deformation mechanisms, but had
several issues. Firstly, the large number of elements limited the size of the model
(Fig.1.26); a high element density (cross section: 12 elements; wavelength: 15
elements) could not be adapted for the present study (several million elements
would be necessary). To address this issue, Nilakantan et al. [81] developed a
hybrid element approach, whereby yarns would be partially modeled by shell
elements at their edges, and modeled by solid elements in the central segment,
so that the projectile would impact the area modeled with solid elements. They
accounted for mechanical impedance issues at the interface between shell and
solid elements and demonstrated that simulations could run twice as fast with
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the hybrid model compared to a model with only solid elements. However, the
fabric rigidity and integrity (ability to maintain the woven configuration of yarns)
is too high in this model, over-constraining yarn movement.
Figure 1.26: Yarns modelled with 3D brick elements (Grujicic model [13]).
Several authors have since used 3D elements [46, 53,58, 70,82] to model yarns
in woven fabrics. But as with previous studies, two problems arose with these
elements: (i) limitation on the model size, which made quantitative comparison
with experiments difficult and (ii) solid elements have the tendency to exagger-
ate fabric rigidity compared to a real yarn, which is made of interacting fibres
since each yarn is homogenized as a continuum, giving it an excessive bending
stiffness. Yarns modelled by 3D yarns provide a good approximation in terms of
geometrical features, and hence yarn interactions, but overestimate fabric rigid-
ity.
1.4.2.6 Fibre level models
Advances in computational capability have enabled researchers to formulate
more computationally expensive models, which model the internal structure of
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yarn by discretizing individual fibres. Grujicic et al. [15] proposed a model con-
sidering the yarn as a bundle of seven ”super-fibres”, each of them representing
a large number of the ∼ 103 fibres in a yarn. This provided a first representa-
tion of inter-fibre interactions within a fabric (Fig.1.27), but the computational
constraints induced severe limitations on the size of the model.
Figure 1.27: Fibre level model of a woven fabric. [15] (a) full fabric; (b) details of the
structure.
Sockalingam et al. [83] modelled transverse compression of Kevlar KM2 yarns
via 2D simulations, in order to characterize the compressive strength of the yarn;
each fibre cross-section was modelled as a circle, and they concluded that inter-
fibre contact is important; only the cross-section of a single yarn was represented
in this 2D model. Nilakantan et al. [16] also proposed a fibre-level model to simu-
late transverse impact on a yarn (Fig.1.28), whereby 400 filaments were modelled
separately as continuum fibres. The simulations showed that results were much
more accurate when fibres were allowed to move relative to one another, and
cross-section could be deformed. They suggested that incorporating these fibre-
level features in a fabric model based on homogenized yarns could lead to deeper
understanding of mechanisms such as yarn partial damage and yarn cross-section
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deformation. This could improve simulation of fabric failure, because progres-
sive failure of fibres within a yarn could be captured. Such model, illustrated in
Fig.1.28, would however be computationally too expensive, and they concluded
on the necessity to simplify it, if it is to be used for fabric level modelling.
Figure 1.28: Yarn model considering individual fibres in Nilakantan et al. [16].
1.4.2.7 Homogenization of fabric as membranes
Parsons et al. [17] proposed a meso-structure model (Fig.1.29), to account
for yarn-yarn interactions, without increasing numerical cost. A single unit
cell models both warp and weft yarns as trusses, and the crossover interac-
tion is represented by a spring. After considering interactions in this unit cell,
force/displacement relationships are deduced, and the unit cell is homogenized
as a continuum membrane and expanded in order to model the behavior of a
fabric. The computational cost is relatively low, but the model does not take
into account yarn slippage, and pull-out, whereas these phenomena are part
of the energy absorption process. Moreover, projectile penetration by wedging




Figure 1.29: Homogenization scheme of a plain weave fabric [17].
1.4.3 Review of constitutive modelling of aramid yarns
and fabrics
Most researchers consider aramid yarns as elastic for simplicity, isotropically
or orthotropically as Nilakantan et al. [53, 65, 84] or Grujicic et al. [13, 15] did.
However, among the aramid fibre family, many of them exhibit rate sensitivity
which must be modelled, for accuracy, as highlighted by Shim et al. [29].
Since viscoelasticity is a well-known characteristic in polymers, several models
are available to describe the rate dependence of aramid yarns. The simplest
are the Kelvin-Voigt and the Maxell model (Fig.1.30), which are 1D simplified
rheological representation of three-dimensional response. A spring and a dashpot
are assembled to describe respectively the elastic and dissipative behavior of the
material. The modulus E, (spring constant), viscosity µ, and characteristic time
µ/E characterize the material properties. The characteristic time also gives an
indication of the time scale at which viscoelasticity becomes obvious; in the
case of aramid fibres, it is usually very short (< 10−3s), and hence observable
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only for material subjected to high strain rate deformation. Fibre behavior is
determined mainly by its response in the yarn direction, and hence well-described
by rheological models; its transverse behavior is usually adequately accounted
for via an orthotropic material [13, 53].
Figure 1.30: Rheological models (a) Maxwell model; (b) Kelvin-Voigt model.
Figure 1.31: Rheological models (a) Prony series model; (b) Example with 3 elements.
Roylance [24] proposed a model based on the Prony series (Fig.1.31); this
combines the rheological frameworks of the Kelvin-Voigt and Maxwell models.
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A spring representing quasi-static behavior of the system is assembled in parallel
with a series of Maxwell models, describing the rate dependence of the material.
This model was used by Koh [78] to describe Spectra 903® yarns.























where τi = µi/Ei is the characteristic time of each term describing the rate
dependence (See Appendix C for proof); activation of each ”group” of Maxwell
model depends on the deformation rate.
The Zener model (Fig.1.32) ) has been used by Shim et al. [29] and later by Tan
et al. [18] to describe Twaron® fibres properties. In their work, the role of pri-
mary bonds (represented by the spring) and secondary bonds (the Voigt model)
are modeled via the Zener framework. Usually E0 (covalent bonds) is stiffer than
E1 (hydrogen bonds). At low strain rates, the strain in the Voigt elements will
be larger, representing the failure of secondary bonds. But at higher strain rates,
strain will accumulate in E1 because little time is available for propagation of
elongation due to locking of the dashpot. However, this representation of pri-
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mary and secondary bonds could not be confirmed by experiments; it was not
possible to experimentally determine the strength and stiffness of primary and
secondary bonds in fibres; the model described more empirically the transition
from secondary bond failure to primary bond failure.
Figure 1.32: Three element Zener model (spring assembled in series with a Voigt model).
1.4.4 Issues in modelling fabric
Several challenges in modelling fabric need to be addressed. Firstly, solid el-
ements have been highlighted as a reasonable way to model woven fabrics at
scales comparable to experiments, because they provide a compromise between
accuracy (geometrical features, internal interactions) and computational cost.
However, solid elements also have the tendency to exaggerate fabric rigidity,
due to homogenization of yarns as a continuum. In reality, yarns are made of
hundreds of soft filaments, able to slip and slide relative to one another during
ballistic impact or in a yarn pull-out test, giving the yarn exceptional ability to
bend without much stress. On the other hand a simulated yarn, modelled as con-
tinuum, has a solid cross-section and a high flexural stiffness, leading inevitably
to overestimation of the force necessary to induce yarn mobility. As a conse-
quence, a model which can simulate experimental results both quantitatively
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and in terms of observed deformation has yet to be developed.
Shim et al. [29] highlighted that an important aspect of simulations is accurate
modelling of material behavior. It has been highlighted that aramid yarns are
generally viscoelastic [18,24,38,85] but that, apart from some exceptions [18,78]
most models disregard this. Yarns are usually modelled as elastic or transversely
isotropic material [13, 53], and hence may not reflect the actual behavior of the
fabric, because issues such as wave propagation and fabric deformation depend
on yarn stiffness. Combining the exact geometrical features of a fabric with
accurate yarn material properties remains to be implemented.
In addition, fabric frictional properties play an important role in fabric be-
havior, and their determination is essential for more accurate simulations. In
order to identify the mechanisms influencing yarn mobility within a fabric, mod-
elling yarn pull-out should be undertaken; this would enable capturing of fabric
frictional properties. To date, it appears that finite element simulations have
not been able to successfully model yarn pull-out. Zhu et al. [82] and Dong
and Sun [51] seem to be the first – and only ones so far – to simulate yarn
pull-out. Zhu et al. [82] compared their results with experiments and showed
that numerical simulation could qualitatively reproduce the Force-Displacement
trends observed in experiments, but the values obtained for the pull-out force
were much higher compared to experimental data; this was attributed to the
excessive artificial rigidity of simulated continuum yarns; a finite element model
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able to quantitatively fit experiments has yet to be reported. This would be
useful to understanding the mechanisms affecting yarn mobility and pull-out in
a fabric.
Several benefits would result from an investigation into the dynamic behavior
of woven fabric: (i) establishment of a numerical model which accurately cap-
tures the geometrical properties and flexibility of fabric materials (ii) simulation
of pull-out tests that can be quantitatively compared with experiments, in order
to determine the frictional properties of fabric and the mechanisms influencing
yarn mobility (iii) incorporation of yarn viscoelastic properties into fabric mod-
els based on yarn tensile tests at various strain rates. These would enhance
understanding of the mechanisms governing the response of woven fabrics.
1.5 Summary of the problem and objectives
Aramid yarns and fibres are complex viscoelastic materials which require ex-
tensive investigation to understand their behavior. Standard quasi-static tensile
test data are generally unable to provide sufficient comprehensive information
because fabric yarns are rate-dependent; testing over a large range of strain
rates is needed and accurate characterization requires appropriate experimental
tests. Fabrics have an internal structure which corresponds to the assembly of
fibres into yarns, the latter being interlaced with other yarns. When subjected to
impact loading (e.g. ballistic), their response is governed by several mechanisms
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acting together simultaneously. Hence, to enhance the understanding of fabric
response to high-speed impact, computational simulation provides detailed in-
sights that complement experimental observations, and the contribution of the
various mechanisms involved.
This work aims at understanding the response of Twaron® fabric to impact
penetration by a spherical projectile. In order to more fully comprehend the
fabric response when subjected to various loads and configurations, the model
developed requires input parameters which are related to the fabric internal archi-
tecture and material properties. For woven fabric subjected to dynamic loading,
the relevant parameters are the (i) mechanical properties of constituent yarns
and (ii) fabric frictional properties, which must be characterized via accurate
experiments. By experimental characterization of the fabric constituent prop-
erties, an accurate numerical model of the fabric can be developed. To obtain
these properties, several issues need to be addressed:
• Development of a technique to perform high strain rate tests on yarns, and
which allow in-situ observation of deformation via high speed photography
• Identification of the influence of weaving on yarn mechanical properties,
which might affect parameters required for input into the computational
model
• Development of a yarn pull-out test procedure which can mimic what is
observed during projectile penetration of fabric
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• Establishment of a numerical model incorporating geometrical details of
the fabric and accurate constitutive modelling of yarns
• Establishment of a numerical model incorporating geometrical details of
the fabric and accurate representation of yarns, in order to simulate yarn
pull-out tests, and hence deduce fabric frictional properties
These issues must be addressed in order to establish a numerical fabric model
sufficiently realistic for simulating projectile penetration. This model can then
be used to help identify the mechanisms influencing fabric performance. In the
present study, the model will be used particularly for:
• Examination of the influence of fabric pre-tension and angle of impact on
fabric performance
• Studying the evolution of energy absorption capacity of the fabric with
projectile impact velocity
Based on these, this report of the present study is organized according to the
following.
Chapter 2 focuses on aramid T1040 yarns. It describes the influence of the
weaving process on the properties of high-strength yarns. The quasi-static and
dynamic properties of an aramid yarn – Twaron® T1040 – before and after weav-
ing, are characterized and compared. A new experimental approach is developed
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to examine the dynamic behavior of the yarn; a fixture is designed to mount yarn
specimens on tensile Split Hopkinson bars. It facilitates in-situ observation of
yarn deformation and failure. Specimen deformation is measured directly from
images captured by the high-speed camera, from which the strain is calculated.
The high speed images provide a qualitative understanding of yarn deformation
and failure. The mechanical properties of two types of yarns – virgin (unwoven)
and woven – are examined. From the experimental results, the effects of weav-
ing on the mechanical properties of a yarn are examined, both qualitatively and
quantitatively.
Based on these results, Chapter 3 focuses on examination of fabric frictional
properties via various pull-out test configurations. Two main issues are: (i)
during impact, a projectile pulls yarns out perpendicular to the fabric plane
(out-of-plane pull-out), whereas pull-out tests are generally in a direction paral-
lel to the fabric plane (in-plane pull-out); the new test method applies pull-out in
a direction similar to that when a projectile perforates a fabric; (ii) a numerical
model able to simulate qualitatively and quantitatively both modes of pull-out,
to provide insights into the physics governing yarn pull-out. This chapter de-
scribes a new experimental setup to perform both in-plane and out-of-plane yarn
pull-out tests for a large range of fabric pre-tensions; this is accompanied by
development of a finite element model that incorporates the main features of
the fabric specimen (mass, geometry, size, etc.). The influence of mesh size is
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studied, and results show that a relatively simple mesh and geometry is adequate
in describing the behavior of a yarn. Yarn friction characteristics are deduced
from a parametric study, and the evolution of energy components during yarn
pull-out is examined; the influence of pre-tension is also studied. An explanation
on the Force-Displacement profile observed in experiments is provided.
Since Chapter 2 and Chapter 3 describe the mechanical properties of yarns,
and quantify the fabric frictional properties, Chapter 4 analyses the fabric re-
sponse to projectile impact, and the mechanisms affecting fabric performance. A
numerical model that incorporates the viscoelastic behavior of yarns and mimics
the flexibility of fabric materials is established based on the finite element model
described in the previous chapter. An experimental investigation to examine the
influence of fabric pre-tension and impact obliquity on the ballistic limit is de-
scribed; this includes the design of a new experimental setup for pre-tensioning
and specimen inclination. The constitutive model for the yarn is validated and
simulations of ballistic impact are compared with experiments. Mechanisms af-
fecting the fabric performance are identified and the influence of pre-tension and
impact angle is analyzed.
Chapter 5 describes fabric behavior for impacts exceeding the ballistic limit.
The influence of pre-tension on the energy absorption capacity is examined, and
how it affects the energy absorbed - impact velocity curve profile is discussed.
How pre-tension influences the propagation of the transverse and longitudinal
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waves in a fabric is studied.
Chapter 6 presents conclusions on different aspects of this study, from analysis
of yarn tensile properties, to fabric ballistic resistance. It also suggests how tools
developed in this study can be used for other applications, the challenges likely
to be met and how to address them.
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CHAPTER 2. INFLUENCE OF WEAVING ON THE MECHANICAL
RESPONSE OF ARAMID YARNS SUBJECTED TO HIGH-SPEED
LOADING
2.1 Introduction
The present study aims at eliciting an understanding of the mechanisms gov-
erning the behavior of woven fabrics subjected to impact by developing a compu-
tational model of the fabric. To provide the model with accurate input parame-
ters, it is important to obtain as accurately as possible, the mechanical properties
of the constituent yarns. Due to the rate sensitivity of the strength, stiffness and
toughness of aramid yarns [25–28], this requires an experimental investigation
encompassing various strain rates, ranging from quasi-static to dynamic. A re-
view of tools developed by researchers to characterize materials at various strain
rates indicate that quasi-static tests – for which governing standards are avail-
able – should be performed on a Universal Testing Machine, while the Hopkinson
Bar can be adapted for characterization of yarns at high strain rates. However,
previous researchers have highlighted the difficulty in clamping yarn specimen
when testing them using a Hopkinson bar [18,37,38]; in the present work, a new
clamping device is devised to facilitate the clamping of yarn specimens. The new
clamps also enable the use of high-speed camera to capture images, in order to
measure specimen deformation directly.
This new setup is used to test woven and virgin Twaron yarns. ”Virgin yarns”
refer to T1040 yarns (from Teijin Aramid®), which have not been subjected to
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any weaving process; ”woven yarns” refer to yarns extracted from plain-woven
T717 Twaron® fabric (comprising T1040 yarns). The effects of weaving on the
mechanical properties of yarns are thus examined, both qualitatively and quanti-
tatively. Surprisingly, this has not been studied before, and some investigations
use ”virgin” yarn properties as input parameters when modeling woven fabrics,
although it is not confirmed whether they are still valid after the yarn has un-
dergone weaving. In the present study, the results from experiments described
in the following section, will be used to develop a constitutive model for yarns
(see Chapter 4); hence, it is essential to ensure the validity of the parameters.
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2.2 Quasi-static tension tests
2.2.1 Tensile failure tests
Quasi-static tests were conducted on 250mm long yarn specimen, according to
ASTM D7269/D7269M-11 standards for aramid yarns [86]. Bollard-type clamps
were employed to mount yarn specimens, whereby they are rolled around a metal
rod (bollard) to minimize slippage, then held in position by metallic grips, as
shown in Fig.2.1(a). Adhesive tape was sandwiched between the grips and the
bollards to avoid inducing stress concentration on the yarn as a result of direct
contact with serrated metal edges. Tests were conducted using a Shimadzu
universal testing machine, and the specimen elongation was recorded optically,
via placement of markers on the yarn. The images were then analyzed using
TEMA – a motion-tracking software – to derive the strain. Woven yarns were
extracted from T717 Twaron fabric and virgin yarns were cut from a bobbin of
T1040 yarn. Virgin and woven yarns were tested at a strain rate of 0.001s−1,
and in accordance with ASTM recommendations, 10 specimens of each type of
yarns were tested. Force-displacement responses were obtained from the load-cell
readings and camera images, from which stress-strain curves were determined.
To check the reliability of the new fixtures designed for dynamic tests, quasi-
static tests were also conducted on specimens with a 250mm gage length clamped
by the Hopkinson bar fixtures, as well as on 20mm-long specimens used for
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Figure 2.1: Test arrangement for quasi-static tests: (a) bollard (capstan) grips (ASTM
procedure), (b) Hopkinson Bar grips with 250mm long specimen, (c) Hopkinson bar grips
with 20mm long specimen.
dynamic tests, as shown in Fig.2.1. The results show that the fixtures do not
influence the responses obtained, and that a 20mm gage length specimen yields
the same response as a 250mm long one, as shown in Fig.2.2. This is consistent
with the results of Sanborn et al. [87] and Lim et al. [35], who reported that for
PPTA fibres, if the gage length exceeds 10mm, variations in strength associated
with random distribution of defects can be neglected.
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Figure 2.2: Quasi-static tensile response of virgin and woven yarns stretched at 10−3s−1;
“HB 250mm” and “HB 20mm” refer respectively to tests on 250mm and 20mm long
specimens using the Hopkinson bar clamps.
A comparison between the response of woven and virgin yarns is shown in
Fig.2.2, for the three combinations of grips and specimen lengths. On average,
virgin yarns have a stiffness of 72.9GPa and fail at 2,025MPa at a failure strain
of 2.89%, while woven yarns have a stiffness of 65.2GPa and fail at 1,769MPa,
corresponding to a failure strain of 3.70%. At a strain rate of 0.001s−1, virgin and
woven yarns have similar properties, but woven yarns display a lower stiffness
and strength, and a larger failure strain. This is due to the weaving process and
this is analyzed later. These values are consistent with the manufacturer’s data,
which state a similar stiffness and a slightly higher strength and failure strain,
compared to the present results.
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2.2.2 Yarn uncrimping tests
Quasi-static tests on woven yarns showed that the initial portion of the stress-
strain curve has a lower stiffness. To examine this phenomenon at the com-
mencement of stretching and determine the stress associated with uncrimping,
additional tension tests were performed by attaching yarn specimens to a micro
load cell and employing a camera with a macro-lens to observe the deformation.
These uncrimping tests were undertaken in order to determine: (i) the force
necessary to uncrimp a yarn, and hence the energy absorbed by a woven yarn
through uncrimping, and (ii) the physical properties of crimp (i.e. reversibility,
strength). Such characterization is also necessary because crimp is a factor in
fabric deformation such as yarn pull-out, where yarn resistance to uncrimping is
critical (see Chapter 3).
Cyclic loading and unloading up to a strain of ∼1.2% was applied to a crimped
yarn specimen to examine the response and repeatability of the uncrimping pro-
cess. Fig.2.3 depicts the stress-strain responses from two consecutive load cycles
on the same specimen; images corresponding to the loading and unloading phases
show that when the yarn is unloaded, it recovers its initial crimped profile and
state, demonstrating that uncrimping is an elastic response. A small degree of
hysteresis is observed, which may be attributed to friction between fibres, and
is responsible for the slight difference in strain observed in the images for the
loading and unloading phases for a common load.
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Figure 2.3: Two sequential loading-unloading cycles for a woven yarn. The images show
the first cycle; the second cycle yielded similar results.
Figure 2.4: Stress-strain curve for woven yarn showing uncrimping and yarn profiles corre-
sponding to: (a) commencement of test; (b) commencement of stress increase (beginning
of stress strain curve); (c) initial uncrimping phase; (d) commencement of second phase
(higher stiffness); (e) second phase; (f) complete uncrimping.
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Yarns were then stretched up to∼10% of their maximum load-bearing capacity
to observe uncrimping. At the start of each test, an initial slack was intentionally
allowed in the yarn (image (a) in Fig.2.4), in order to identify the yarn profile
when commencement of an increase in stress is observed. Fig.2.4 and Fig.2.5 show
the correspondence between the uncrimping phase of the stress-strain curve and
the yarn profile. Commencement of the stress-strain curve is taken as the instant
when a stress increase is observed; image 2.4(b) shows that at this instant, the
yarn is still fully crimped.
Figure 2.5: Magnification of initial phase of stress-strain response in Fig.2.4
Fig.2.4 shows that the stress increase is small at the start (initial uncrimping
phase), but Fig.2.5, which is a magnification of the initial portion of Fig.2.4,
indicates that even in this phase of up to a strain of 0.008, the yarn generates a
resistance to stretching; during this early response, the stiffness is approximately
200MPa (0.3% of the elastic yarn stiffness). Once the yarn is partially uncrimped
(ε ≈ 0.008), the stiffness increases sharply and approaches that of the linear
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portion of the curve. Hence, there are two uncrimping phases: between 0 and
0.008 strain, the stress increases relatively gently, and from 0.008 to the end
of uncrimping process (ε ≈ 0.012), the yarn demonstrates a more significant
stiffness. Contrary to previous findings [42,43], these results indicate that: (i) the
yarn generates some resistance to stretching even when it is completely crimped,
and (ii) when the stress-strain response approaches the steep linear portion,
crimp is still visible. Thus energy is absorbed during uncrimping.
Observation of failed specimens (Fig.2.6) shows that crimp is completely re-
moved – i.e. when the stress is sufficiently high, the yarn undergoes irreversible
deformation. Further examination revealed that when stretched by a stress ex-
ceeding 1100 MPa, woven yarns experience a transition and do not recover their
initial crimp. Observation of post-test specimens indicates that when stretched
close to failure, woven yarns become more similar to virgin yarns, in that the
fibres within them no longer cohere strongly with one another, but become more
parallel and straighten out.
Figure 2.6: (a) Image of woven yarn after attaining maximum stress (load has been
removed, but yarn has not completely broken into two). Crimp is no longer present and
fibers have separated from one another. (b) Virgin yarn for comparison.
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A simple approach to quantifying the crimp strain, which could be useful in
modeling, is to consider the yarn profile, and approximate its centerline by a
sinusoid:
y = B sin(2Πx
λ
) (2.1)
where B is the amplitude of the undulations and λ the wavelength.
In the present study, the manufacturer data states a fabric thickness of 0.4mm,
and microscopic measurement shows the wavelength of the fabric to be about
2.5mm. Hence, the strain associated with uncrimping can be derived from the


















The integral is evaluated numerically with B=0.1mm and λ=2.5mm; this
yields:
L ≈ 2.539 = 1.0156λ (2.4)
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Hence, the strain associated with uncrimping is
δε = L− λ
λ
= 1.56% (2.5)
Experimental results (Figs. 2.2 and 2.4) show that crimp is eliminated at a
strain of approximately 1.2%, because at this stage, the stress-strain curve be-
comes linear. This is close to the calculated approximation of 1.56% correspond-
ing to straightening of the yarn (Fig.2.2), confirming that a simple sinusoid is a
reasonable approximation of the yarn profile.
2.3 Dynamic tensile tests
As mentioned in the Introduction, the yarns in Twaron fabric are usually ex-
posed to mechanical deformation at high strain rates – e.g. ballistic penetration,
crash, blast, etc. Aramid yarns have also been shown to be rate-sensitive and
their behavior under dynamic loading differs from that under quasi-static load-
ing. Hence, it is necessary to determine the yarn response when subjected to
dynamic loading, in order to obtain accurate mechanical property parameters to
be used as inputs to model fabric.
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2.3.1 Experimental arrangement
2.3.1.1 Hopkinson bar apparatus
Woven yarn specimens were extracted from T717 Twaron® fabric, while virgin
yarn specimens were cut from a bobbin of T1040 yarn. A Split Hopkinson Tensile
Bar (SHTB) apparatus (otherwise known as a Kolsky bar) [34], was used to apply
dynamic tension to virgin and woven yarns. Such devices are well-established and
employed to determine the high rate mechanical properties of various materials
[18,38–40]. Fig.2.7 illustrates the device used in this study.
Figure 2.7: Schematic diagram of Split Hopkinson Tensile Bar device.
The 2.9m long, 12mm diameter input and output bars are made of steel, and
the specimen is mounted between them. A tubular striker is propelled by pres-
surized gas to impinge a flange at the proximal end of the input bar, generating
a tensile stress wave which propagates towards the specimen. Upon reaching the
specimen, part of it transmits through the specimen into the output bar, and
part of it is reflected back into the input bar. These waves are recorded by pairs
of diametrically opposed strain gauges, mounted on the loading bars, 1.15m from
the specimen on the input bar (gauge factor = 2.13 for input bar) and 0.6m from
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the specimen on the output bar (gauge factor = 125 for output bar) to measure
the incident, reflected and transmitted strain signals. The output bar gauges are
of a high sensitivity type, in order to capture the small transmitted strain, be-
cause the load bearing capacity of single yarn specimens is small. Mohr et al. [88]
recently summarized the assumptions made when a dynamic test is performed
on a Hopkinson Bar and the steps necessary to ensure the validity of these as-
sumptions. Measurement of strain history in the input bar must be conducted in
the center of the bar to guarantee the absence of any superposition between the
incident and reflected wave, and the bar/specimen interface must prevent any
perturbation due to the fixture, such as vibration or relative movement between
the fixture and the bar. The specimen diameter is smaller than that of the bars,
and to ensure validity of the results – which are based on 1-D wave propagation
theory – there must be a good connection between the bar and the specimen. In
this study, these requirements were fulfilled; connection of the specimen to the
bar was a particular focus and is described in the following section.
2.3.1.2 Clamping fixture to connect yarn specimen to loading bars
Unlike materials such as metals or conventional polymers, which can be made
into specimens that can be screwed directly into the loading bars [39–41], special
fixtures are required to connect yarn specimens. Tan et al. [18] proposed a
clamping fixture for dynamic tensile testing of fibre/yarn materials; it comprises
three major components – a housing, a pair of tapered clamping plates and a
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retainer – Figs.2.8 and 2.9.
Figure 2.8: (a) Fixture employed by Tan et al. [18]; (b) Fixture used in present study
Figure 2.9: Schematic diagram of: (a) fixture of Tan et al. [18]; (b) fixture in present
study
The yarn specimen is sandwiched between the two clamping plates which are
placed within a frustum-shaped cavity in the housing, such that their tapered
surfaces make contact with the inner surface of the cavity. Subsequently, a
retainer is screwed onto the housing; tightening of the retainer squeezes the
grips, which clamp the specimen more tightly. To reduce stress concentration
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induced by the sharp edges of the grips (to prevent premature failure at that
location), the specimen is sandwiched between two layers of soft tape prior to
clamping. This design is effective in preventing yarn slippage from the fixture;
however, three difficulties are encountered:
i - Most of the specimen length is concealed by the fixtures and only a short
segment is exposed, as shown in Fig.2.8(a). This limits in-situ observation
of specimen deformation and failure.
ii - The fixture requires the use of relatively long specimens; thus, (a) a longer
time is required to achieve stress equilibrium in the specimen, and (b) a
smaller strain rate is generated for a given striker velocity. These limit the
maximum strain rate that can be attained. Consequently, Tan et al. [18]
were only able to impose strain rates of up to 400s−1.
iii - The clamps have a larger diameter than the loading bars (Fig.2.8(a));
this causes an impedance mismatch between the clamps and the bars, ne-
cessitating correction during data processing [38].
A new fixture was designed to overcome these shortcomings; it facilitated:
(i) exposure of the total specimen gauge section for observation of deformation
and failure using high-speed photography, and (ii) use of specimens with shorter
gauge lengths to achieve higher strain rates. Figs.2.8(b), 2.9(b) and 2.10 illustrate
the new fixture; compared to the design by Tan et al. [18] (Fig.2.8(a), 2.9(a)),
the new fixture has longer clamping plates and the retainer has a frustum-shaped
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Figure 2.10: CAD drawings and photos of fixture components
cavity. When screwed into the holder, instead of pushing the clamping plates
axially towards the smaller end of the cavity, as in the design by Tan et al. [18],
the retainer slides along the tapered surface of the clamping plates, squeezing
them so that they clamp the yarn specimen firmly. The new fixture is made of the
same material as the loading bars and has the same diameter (Fig.2.8(b)); this
minimizes impedance mismatch with the bars. Both serrated and flat surfaces
were used for the grips and both were found to perform well; flat surfaces allowed
easier usage. A small amount of double-side tape was used to reduce stress
concentration, increase friction and secure the specimen during installation. This
fixture exposes the entire gauge length of the specimen and facilitates in-situ
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observation of deformation and failure. Specimens of consistent geometry can be
obtained and adjustment of specimen length is convenient; specimens with 20mm
gauge lengths were employed in this study. It was important to ensure that the
specimen clamps did not affect the stress waves [18]. The clamps described were
attached to the input/output bars via screw threads, and impacts were applied
by the striker to the input bar with no specimen attached, to ascertain that the
incident and reflected waves were similar, confirming that the clamps did not
affect the results. It should be noted that in order to obtain signals of acceptable
quality, it is imperative to ensure that the clamping plates are firmly held in
position by the threads, and that no movement within the housing is allowed;
otherwise relative motion of the grips may affect the results.
2.3.1.3 In-situ observation of deformation and failure
A Photron FASTCAM SA1.1 high-speed camera was used to observe the defor-
mation and failure of virgin and extracted woven yarns. Images were captured at
a framing rate of 270,000 frames per second and a shutter speed of 1/2,700,000s.
This necessitated intense illumination of specimens. To avoid heating and af-
fecting the specimen properties, flash units were used to generate illumination
pulses lasting several milliseconds. With this arrangement, 300 to 400 images
were captured in each test; this is sufficient for observation of details regarding
deformation and failure, and calculation of strain via the displacement of markers
drawn on the specimen (Fig.2.11) using a motion-tracking software (TEMA).
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Figure 2.11: Optical tracking of marker points in images using TEMA software.
This approach to strain measurement has also been used by Guo et al. [41]
to study the dynamic deformation of Magnesium nanocomposites. The strain is
calculated directly from the displacement of the two markers, and the strain rate
is defined by the slope of the strain-time curve, where there is little acceleration of
elongation of the specimen – i.e. an approximately constant strain rate. Fig.2.12
shows a typical displacement-time curve; when the loading pulse reaches the
specimen, a short acceleration phase is observed during which the strain rate
increases until it becomes constant. The variation of specimen length with time,
based on optical images, is then smoothly approximated using a polynomial fit,
from which the strain is computed. Fig.2.13 shows the strain-time response for a
virgin yarn stretched at 328s−1, and confirms that after a phase of acceleration
in elongation, the specimen strain rate becomes constant.
The specimen stress is calculated from the transmitted strain signal; from
simple one-dimensional elastic wave theory, the stress in the specimen is obtained
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Figure 2.12: Displacement-time response of virgin yarn for strain rate of 328s−1 and
curve fit.
Figure 2.13: Example of strain-time response and curve fit (328s−1)
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where σs, is the specimen engineering stress, AS the specimen initial cross-
sectional area, A the cross-sectional area of the input/output bars, E is the bar
Young’s modulus and εt the transmitted strain. Derivation of this equation is
available in Appendix A.
Good consistency in the results was observed, and dynamic tension was applied
to virgin and woven yarn specimens at strain rates of 225, 375, 510 and 700s−1.
These strain rates were chosen because they correspond to pressure intervals that
could be specified, given the constraints of the test facilities. Shorter specimens
were used to achieve higher strain rates and it was ascertained that there was
no size effect. 10mm long specimens were used following the recommendations
of Lim et al. [35] and Sanborn et al. [87], who also observed no size effect for
specimens longer than 10mm when testing PPTA fibres. For each strain rate
(225, 375, 510 and 700s−1) and type of yarn, at least 10 specimens were tested
and results were considered acceptable when a minimum of four tests displayed
agreement.
2.3.2 Test results
The yarn stiffness, tensile strength, failure strain and toughness obtained from
a typical test are shown in Fig.2.14, where the tensile strength is defined by
the maximum stress in the stress-strain curve, and the failure strain is the cor-
responding strain; toughness is defined as the area under the curve from the
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Figure 2.14: Determination of stiffness, tensile strength, failure strain and toughness, for
a virgin yarn stretched at 375s−1.
commencement of the test to the point of maximum stress. The stiffness is de-
termined via a linear fit to the slope of the stress-strain curve between 20% and
80% of the tensile strength. For each strain rate, values of the failure strain,
failure stress and stiffness were deduced from at least ten tests. The respective
averages were then computed to obtain the yarn properties.
Figs. 2.15 and 2.16 show respectively, the typical stress-strain relationships
at various strain rates for virgin and woven yarns, and the dynamic response is
compared with quasi-static behavior. They show that the effect of strain rate
on yarn properties is similar for both virgin and woven yarns; rate sensitivity is
obvious and the dynamic response differs from quasi-static behavior. With an
increase in strain rate, the yarns become stiffer and the failure strain decreases;
the tensile strength increases, but with a reduced sensitivity as the strain rate is
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Figure 2.15: Tensile stress-strain response of virgin yarns at various strain rates; markers
denote failure points.
Figure 2.16: Tensile stress-strain response of woven yarns at various strain rates; markers
denote failure points.
elevated. Similar rate-dependence has been observed by [8, 18, 38, 89] for other
polymeric fibres/yarns, such as other PPTA materials like Kevlar KM2 [87] and
Twaron CT716 [18]. Twaron 1040 yarns properties change less with strain rate
compared to UHMWPE yarns [38].
81
CHAPTER 2. INFLUENCE OF WEAVING ON THE MECHANICAL
RESPONSE OF ARAMID YARNS SUBJECTED TO HIGH-SPEED
LOADING
The present study reveals that the responses of virgin and woven yarns are not
totally identical. Such a finding is critical, as it proves that using the mechanical
properties of virgin yarns as input parameters for the numerical model of woven
fabric is invalid. Fig.2.17 facilitates a quantitative analysis of the influence of
strain rate on virgin and woven yarns properties. The values for (a) stiffness, (b)
strength and (c) failure strain as a function of strain rate are plotted for both
virgin and woven yarns. The markers denote average values and the error bar
limits correspond to the maximum and minimum values measured for each strain
rate. The results are also summarized in Table 2.1. For both yarns, the stiffness
increases significantly with strain rate – the values for a strain rate of 700s−1
(117GPa and 97GPa for virgin and woven yarns respectively) are 60% and 50%
higher than that of the respective quasi-static values (73GPa and 65GPa for
virgin and woven yarns).
Figure 2.17: Variation of mechanical properties with strain rate for virgin and woven
yarns: (a) stiffness; (b) tensile strength and (c) failure strain.
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Compared to virgin yarns, woven yarns are slightly more compliant and have
a lower stiffness; on average, virgin yarns are 13% stiffer than woven yarns.
The phenomenon of uncrimping, observed in quasi-static loading, is visible at
higher strain rates too, and uncrimping also appears to be rate sensitive, as the
initial portion of the stress strain curve is steeper at higher strain rates. On
average, virgin yarns have a tensile strength 10% higher than that of woven
yarns, indicating that weaving damages the yarns slightly. This degradation of
properties was recently observed at the fibre level by Sanborn et al. [87]; this
study shows that it is significant at the yarn level. The tensile strength of both
virgin and woven yarns increases with strain rate – the values at a strain rate
of 700s−1 (2453MPa and 2120MPa for virgin and woven yarns respectively) are
20% higher than the quasi-static values (2025MPa and 1769MPa for virgin and
woven yarns respectively). Conversely, the failure strain decreases with strain
rate for both yarns – an increase in strain rate from 0.001s−1 to 700s−1 results in
a reduction in failure strain from 2.88% to 2.40% for virgin yarns, and 3.7% to
2.9% for woven yarns; these correspond to a 27% and 22% decrease respectively;
woven yarns exhibit a larger failure strain.
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virgin woven virgin woven virgin woven virgin woven
0.001 72.9 65.2 2025 1769 2.89 3.70 27.7 23.6
225 87.8 78.2 2235 2063 2.91 3.60 34.1 31.4
375 94.2 85.5 2374 2209 2.78 3.33 36.0 33.2
510 99.1 88.5 2381 2281 2.78 3.53 35.9 34.3
700 117.1 97.3 2453 2120 2.40 2.90 35.1 30.0
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2.4 Discussion
2.4.1 Deformation modes of yarns
Post-test specimens show that failure in specimens does not occur close to the
clamps, and marks drawn at the specimen clamped ends before tests confirm no
visible slippage between the specimen and the fixture; the high speed images also
confirm that the clamps do not move relative to the bar. These demonstrate that
the fixture designed prevents yarn slippage and minimizes stress concentration at
the clamped ends. A common characteristic of post-test virgin and woven yarn
specimens is the transverse (sideward) fraying of constituent fibres (Fig.2.18),
which separate from one another, indicating that at the macro-level, failed virgin
and woven yarns are similar. Moreover, Fig.2.18(b) shows that fibres in the failed
woven yarn no longer display an undulating profile, signifying that uncrimping
is irreversible when yarns are sufficiently deformed, as with the results from
quasi-static tests.
Figure 2.18: Broken yarns after dynamic tests: (a) virgin yarn; (b) woven yarn.
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In-situ observation of the deformation and failure of a yarn under high-speed
tension provides useful insights into the governing mechanisms; little appears
to have been reported on this aspect. Visual images captured are presented in
Figs.2.19 and 2.20, which show views of a virgin yarn (Fig.2.19), and a woven
yarn (Fig.2.20(a)), where crimp is visible due to reflection of light.
Figure 2.19: High speed images of deformation of virgin yarn (375s−1).
To facilitate observation of uncrimping, tests were also performed on woven
yarns, in which the side profile of the specimen faces the camera (Fig.2.20(b));
no quantitative results were obtained from these tests as drawing of markers on
specimens was not possible. However, they show clearly the uncrimping process.
Virgin and woven yarns deform and fail in similar fashion, the difference being
that woven yarns first undergo uncrimping before being stretched to failure. It
should be noted that uncrimping of a woven yarn within and external to a fabric
is not identical, due to the constraints on a yarn within a fabric.
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Figure 2.20: High speed images of woven yarn deformation: (a) view of yarn width with
markers drawn on yarn for strain measurement (375s−1) ; (b) view of yarn thickness to
illustrate uncrimping.
With reference to Figs.2.19 and 2.20, the development of deformation and
failure in the two yarns are summarized as follows:
i - Before the loading pulse reaches the specimen, the yarns are stationary
(image 1); the virgin yarn is straight while crimp exists in the woven yarn.
ii - When the loading pulse reaches and stretches the specimen, (image 2) the
woven yarn undergoes uncrimping, while the virgin yarn sustains tension
via deformation of its constituent fibres.
iii - After uncrimping of a woven yarn is completed, its fibres stretch (image
3); subsequently, a few fibres start to fibrillate, indicating the onset of
failure.
iv - Catastrophic failure occurs in both yarns (image 4) – almost all con-
stituent fibres break simultaneously and separate from each other.
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v - For both yarns, the specimen breaks into two, with some broken fibre
segments becoming fully detached (failure at two points in the fibre)
It is generally assumed that fibre failure is randomly distributed, due to intrin-
sically stochastic behavior [8,10]. From the high-speed images, it is not possible
to determine specific fibres which are the ones that first break at the onset of
failure. However, the images show that failure does not necessarily occur at the
mid-point of yarn specimens, which confirms the fact that failure in yarns is a
stochastic phenomenon.
Examination of the fibre microstructure facilitates an understanding of how
the manufacturing and weaving processes affect yarn properties. As stated in
Chapter I, aramid is composed of highly-oriented PPTA molecular chains bonded
together essentially by hydrogen bonds; these groups of molecular chains form
fibrils. The fibrils are attracted together and bonded by weaker van der Waals
forces to form fibres, which appear as a continuum strand at the macro-level [10].
Fibre manufacture involves several complex processes [10] in which defects (pre-
mature chain termination, side groups, voids and interstitials, or planar defects)
could be introduced by chemical reactions or heat; these defects are randomly
distributed in the molecular chains and weaken the virgin fibre.
When yarns are used as components of a woven fabric, they are usually sized
and coated prior to weaving, which results in additional chemical manipulation
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[87]. During the weaving process on the loom, abrasion and frictional interactions
between fibres or between the weaving equipment and yarns, may also occur,
resulting in mechanical damage. After weaving, the fabric is chemically treated
and washed with proprietary additives. Due to these additional chemical and
mechanical manipulations of the fibres, damage can arise from several factors –
e.g. frictional interaction between fibres or between the weaving equipment and
yarns, or chemical treatments such as application of hydrophobic dyes [87]. SEM
images of yarns in Fig.2.21 confirm that woven yarn fibres are more closely packed
and cohesive compared to virgin yarn fibres, which tend to be less mechanically
integrated in the absence of crimp (the fibres are essentially straight and less
engaged with each other). These images confirm that during weaving, fibres
interact mechanically with one another to form a more tightly packed structure.
Compared to virgin yarns, such a structure may result in poorer fibre alignment,
on top of mechanical abrasion, which could degrade yarn performance.
Figure 2.21: Comparison between: (a) tightly packed structure of woven yarns and (b)
less cohesive structure of virgin yarn.
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Figure 2.22: SEM images (x500) of broken fibers from virgin yarns. Fracture tip is
well-defined and little fibrillation is observed.
To examine the fibre structure, SEM images of broken virgin and woven fibres
(Figs.22-23) were obtained. The fractured tips of virgin fibres (Fig.2.22) appear
relatively clean and well-defined, with little fibrillation, indicating that the fibrils
are strongly bonded together and break simultaneously. This is consistent with
the observations of Tan et al. [18], who presented micrographs showing that
aramid fibres display a brittle fracture surface. However, images of woven fibres
indicate that weaving affects their cohesion, because they fibrillate around the
region of failure (Fig.2.23 (a)); fibrils separate from one another before they break
and the fibre is no longer a single strand. The uniformity of fibril properties also
appears affected, as they tend to break less uniformly; Fig.2.23(b) shows a fibre
becoming thinner towards the tip where it breaks, as fibrils fail and progressively
separate from the fibre core.
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Figure 2.23: SEM pictures (x500) of broken fibers from woven yarn: (a) fibrillation in
failure region and (b) non-uniform failure of fibrils.
These observations account for the difference in stiffness and strength between
virgin and woven yarns; lower cohesion within a fibre is probably responsible
for the slightly decreased stiffness observed in woven yarns. Since the bonds
between fibrils are weaker, relative motion between them is easier and hence the
fibre also stretches more easily. Moreover, even after uncrimping has occurred,
some crimp may still be present in the fibres although this is not visible. During
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stretching of a woven yarn, both the stretching of fibres and removal of this
residual ”micro-crimp” occur simultaneously, resulting in a lower stiffness. On
the other hand, the increased non-uniformity of fibril strength due to damage
generated by weaving, is possibly the reason for the diminished strength of woven
yarns. As there is some variation in the instants that fibrils fail, the overall
maximum stress sustainable is reduced, and the failure process takes a longer
time. Weaving could perhaps also introduce some small variations in the initial
lengths of fibres that make up a yarn; this also means that when a yarn fails, the
constituent fibres do not all fail simultaneously. Hence complete failure of a yarn
is less catastrophic. This phenomenon was observed macroscopically, in that
compared to virgin yarns, complete failure of woven yarns was more gradual.
2.4.2 Influence of weaving on energy absorption
Experiments undertaken in the present study show that uncrimping contributes
to a relatively small increase in stress; this can be observed from the stress-strain
curves of woven yarns (Figs.2.4, 2.5 and 2.16). The stiffness of woven yarns at
the commencement of uncrimping is less than 1% of that during gross stretching,
indicating the influence of yarn crimp on toughness is minimal.
Fig.2.24 shows the energy absorbed by virgin and woven yarns at failure for
various strain rates. The effect of strain rate on the energy absorption capac-
ity is similar for both yarns – the energy absorbed at a strain rate of 700s−1 is
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Figure 2.24: Variation of energy absorbed with strain rate.
27% higher than the quasi-static value. For dynamic loading (from 200s−1 to
700s−1), the toughness is almost constant for both yarns, because the decrease in
failure strain is compensated for by an increase in stiffness and strength. Woven
yarns are found to absorb 10% less energy than virgin yarns on average. This is
consistent with the observations regarding strength and stiffness; since the weav-
ing process damages the yarn internal structure and degrades both the strength
and stiffness, the energy absorption capacity is expected to be correspondingly
lowered.
It should also be noted that the lower stiffness of woven yarns implies a smaller




; this may affect the performance of the
fabric, because under an impact load, the speed of stress propagation is slightly
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This chapter described the characterization and comparison of the quasi-static
and dynamic tensile properties of virgin and woven Twaron® T1040 yarns, to
examine the influence of weaving on the resulting mechanical properties. To
facilitate dynamic testing using a Split Hopkinson Tensile Bar (SHTB), a new
fixture was designed to attach yarn specimens to the loading bars. This enabled
observation of specimen deformation and failure, and attainment of higher strain
rates. High-speed photography was utilized to capture the deformation and
failure behavior of virgin and woven yarns, as well as to measure specimen strain
in SHTB tests. This approach was found to be efficient and facilitated a high
level of repeatability of results. Experimental results indicate that:
i - The mechanical properties – i.e. stiffness, ultimate tensile strength and
failure strain – of both virgin and woven yarns exhibit similar rate de-
pendence. An increase in strain rate stiffens yarns; the tensile strength
increases and the failure strain drops.
ii - Virgin yarns possess a higher strength and stiffness, but a smaller failure
strain, compared to woven yarns. Observation of broken virgin and wo-
ven yarn fibres indicates that this may be due to the difference in fibres
characteristics; cohesion among fibrils within woven fibres is lower, since
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they display a tendency to separate from one another around the region
of failure. The larger failure strain is a result of yarn uncrimping and the
degraded stiffness.
iii - The energy absorbed during uncrimping is minimal; as a result of their
lowered strength and stiffness, woven yarns absorb less energy at failure
compared to virgin yarns because the weaving process degrades the yarn
performance slightly.
The work undertaken is relevant to computational simulation of the dynamic
response of fabric – i.e. accuracy in experiments is important in deriving suitable
constitutive models for fabrics, and should be based on woven rather than virgin
yarn properties, to minimise incorrect estimation of fabric performance. The
values presented in Table 2.1 will be used as input parameters in simulations
described in Chapter 3 and Chapter 4.
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Inter-yarn friction and yarn
mobility in woven fabrics
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3.1 Introduction
Chapter 2 described methods for accurate experimental determination of the
stiffness, failure strength and failure strain of aramid T1040 Twaron yarns, which
are the constituents of Twaron T717 fabric, the main focus of this study. Apart
from the yarn properties, the response of woven fabrics to projectile impact
is also greatly dependent on frictional interaction between yarns at crossover
points [52, 58]. Friction between yarns contributes to propagating stress away
from the impact point and through the fabric; it helps preserve fabric struc-
tural integrity when it deforms. To assess yarn mobility in woven fabrics, most
researchers use yarn pull-out tests [19, 51, 54, 55, 82]; this involves pulling out
one or several yarns from woven fabric subjected to different constraints, and
measuring the pull-out force. This method is relevant to the study of projec-
tile impact penetration, because it approximates the mechanism of yarn pull-out
observed when a projectile perforates a fabric; experimental conditions such as
size of fabric specimen, boundary conditions and pull-out speed can be varied
to mimic projectile impact tests. This enables examination of the influence of
various fabric parameters – yarn count, yarn size, weave tightness – on fabric
performance. This method can also yield accurate fabric frictional properties for
input to numerical simulation of fabric response; simulation of pull-out tests and
a comparison with experiments with the same conditions, can serve as a para-
metric study to understand the effects of friction parameters. However, yarn
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pull-out tests possess inherent limitations, notably the fact that such tests are
conducted quasi-statically, although projectile impact events occur at high strain
rates.
Overall, the review of yarn pull-out tests presented in Chapter 1 has shown
that three main aspects need to be addressed in order to achieve satisfactory
characterization of fabric frictional properties: (i) during impact, the projectile
pulls yarns out in a direction perpendicular to the fabric plane (out-of-plane
pull-out), whereas pull-out tests generally pull yarns parallel to the fabric plane
(in-plane pull-out); hence, a test should be devised to apply yarn pull-out in
a manner similar to that when a projectile perforates a fabric; (ii) a numerical
model able to simulate qualitatively and quantitatively both modes of pull-out
would provide useful insights into the physics governing yarn pull-out ; (iii)
although the profile of the force - displacement curve from a pull-out test has
been reported previously – the increase in force until the free end of the pulled
yarn starts moving, followed by a decrease in the average force superimposed by
sinusoidal fluctuations has not been explained.
This chapter attempts to address these three aspects. It describes a new ex-
perimental setup, designed to perform both in-plane and out-of-plane pull-out
tests on woven fabric, and the influence of in-plane pre-tension applied to the
fabric on the fabric response is examined. This is followed by development of a
finite element model, whereby a convergence study is undertaken, to validate it;
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the model is subsequently used to simulate projectile impact, and this chapter
describes determination of the fabric frictional properties essential for accurate
simulation. The friction characteristics of the fabric are deduced from a para-
metric study, and the model is used to examine the fabric response mechanisms
observed in experiments. The influence of pre-tension on the evolution of energy
absorption components during yarn pull-out is examined and its effect on strain
energy and friction dissipation is studied. Finally, simulations are used to ac-




Fig.3.1 and Fig.3.2 show the experimental setup for in-plane yarn pull-out;
it is similar to that of Nilakantan et al. [19] , Dong [51] and Zhu et al. [82]. It
essentially comprises an aluminum alloy frame which holds the fabric specimen in
place by means of two aluminum alloy 6061 clamping bars with rubber linings to
prevent slippage of the fabric during pre-tensioning, and to protect the clamped
fabric from being damaged by the sharp edges of the metal clamping plates. One
of the clamps is attached to a linear slider which translates linearly by means of
a manual hand-crank to apply pre-tension, which is measured by a strain meter.
The stretched yarn is attached to the load cell of an Instron 5500 Universal
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testing Machine cross head. This experimental setup has been developed with
Huang [90] as part of his final-year undergraduate research project and his help
is gratefully acknowledged.
Figure 3.1: Experimental setup for in-plane yarn pull-out: (1) Support frame; (2) Fabric
clamps; (3) Frame base attachment and Instron Universal Testing Machine base; (4)
SEBMZ20-160 Misubi Linear Slider; (5) Load cell; (6) Hand crank; (7) 100N load cell; (8)
Load cell attachment; (9) Fabric Specimen; (10) Instron 5500 Universal testing machine
cross head.
Nilakantan et al. [19] highlighted that when pre-tension is applied to a fabric
specimen, a ”relaxation” effect takes place, whereby after application of stretch-
ing, the load exponentially decreases until it stabilizes at a lower force. To address
this issue in the present work, a 1kN pre-tension was applied to the fabric spec-
imen for 5 minutes, after which no drop in force was observed, confirming that
with the current setup, a tension of up to 1kN can be applied to the fabric with-
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Figure 3.2: Fabric specimen during in-plane pull-out.
out it slipping. This procedure was adopted for other pre-tensions. Additional
G-clamps were also employed to apply pressure on the clamps to increase con-
tact force uniformity. Specimens were arranged such that the yarn pulled, had
to traverse 80 orthogonal yarns; a distance of 120mm separated the two clamps,
corresponding to approximately 101 yarns. Zhu et al. [82] noted that during pull-
out, the transverse force in the yarn varies. In this study, the main objective was
to investigate the pull-out of a yarn from a fabric subjected to a prescribed pre-
tension and clamped (zero displacement) at opposite boundaries, because this
has relevance to the projectile penetration resistance of high-strength fabrics sub-
jected to an initial pre-tension. Consequently, variation of the transverse force
during yarn pull-out (i.e. the force experienced by the fixed transverse yarns)
was not part of the scope of investigation. However it was noted that the final
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transverse yarn tension value was slightly lower than the initial pre-tension, due
to relaxation of the weave after the pulled yarn had emerged from the fabric –
similar to the observation made by Zhu et al. [82].
The pulled yarn was attached to the load cell, which measured the pull-out
force directly. Pre-tension, ranging from 100N to 600N at 100N increments, was
applied to the fabric specimens; for each value of pre-tension, nine tests were
performed, which was sufficient to ensure consistency in the results.
3.2.2 Results
Three typical in-plane pull-out test results for a 500N pre-tension are shown in
Fig.3.3; they indicate that good consistency can be achieved with this procedure.
The force increases as the pulled yarn is stretched until the fabric can no longer
restrain the yarn from moving; the peak force corresponds to commencement of
movement of the pulled end of the yarn, and the pull-out force then oscillates as
the free end of the yarn passes over and under transverse yarns – these oscillations
are typical of a pull-out test ( [19,51]). Each peak corresponds to movement of the
tip of the yarn over or under a transverse yarn, and it is noted that there are 40
local maxima and 40 local minima before the force drops to zero, corresponding
to the 80 transverse yarns.
Fig.3.4 displays the relationship between the peak pull-out force at the end of
the initial increase, and the transverse pre-tension applied to the fabric. The data
103
CHAPTER 3. INTER-YARN FRICTION AND YARN MOBILITY IN
WOVEN FABRICS
Figure 3.3: Example of in-plane pull-out (500N pre-tension). Three tests are displayed.
points correspond to the average peak force and the error bars define the maxi-
mum and minimum value from tests. The graph suggests that the peak pull-out
force increases linearly with transverse pre-tension, from 24.3N for 100N pre-
tension to 51.1N for 600N pre-tension. The results reported by Nilakantan and
Gillespie Jr. [19] are also plotted in the figure. They found that for Kevlar® fab-
ric, pre-tension influences pull-out resistance significantly and that the relation-
ship between peak pull-out force and pre-tension is linear. Since their study did
not employ specimens of the same size as those in the present work and the
material was different, quantitative comparison is not possible.
The increase in peak pull-out force with pre-tension can be explained as follows:
at each yarn cross-over point, the force between a longitudinal and a transverse
yarn increases with pre-tension of the fabric. This causes the fabric stiffness to
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Figure 3.4: Variation of pull-out force with pre-tension for in-plane pull-out; results from
Nilakantan and Gillespie Jr. [19] are also plotted for comparison.
also increase as the yarns straighten. Hence, the force exerted by pre-tensioned
yarns on their unclamped transverse counterparts at each crossover is also higher.
Assuming a Coulombic friction law, whereby the tangential component is propor-
tional to the normal reaction between orthogonal yarns, yarn slippage therefore
requires a higher force when greater pre-tension is applied.
3.3 Out-of-plane pull-out
3.3.1 Experimental setup
Nilakantan et al. [59] reported that inter-yarn friction influences the impact
response of fabrics. In projectile impact tests, primary yarns are pulled out
perpendicular to the fabric plane, as the projectile strikes the fabric and pushes
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yarns out of the weave. To re-create this behavior and obtain pull-out data that
relates to impact penetration, out-of-plane pull-out was performed; this helps
yield a better understanding of pull-out during ballistic tests. The test jig was
adjusted so that the frame of the experimental setup is horizontal, and the yarn
is pulled out from the centre (Fig.3.5). A load-cell was connected to the fabric
via a steel hook attached to a steel cable; the hook was inserted below the centre
longitudinal yarn prior to testing. The fabric specimens were cut such that a
square comprising 99 by 99 yarns was obtained, so that the pulled yarn has
to overcome the constraints exerted by 49 transverse yarns on each side. Pull-
out tests were conducted at fabric pre-tension levels of 100N, 300N and 600N,
following the procedure similar to that for in-plane pull-out.
3.3.2 Results
Out-of-plane yarn pull-out offers new insights regarding yarn mobility in a
woven fabric. Fig.3.6 shows yarn pull-out in an out-of-plane pull-out test and
that in a projectile penetration experiment; similarities between both are obvious
– the pyramidal deflection of the fabric and the pulled yarn exiting the fabric
perpendicular to the fabric plane, at its center. The primary difference is that
several yarns may be pulled out during projectile penetration (Fig.3.6(b)).
Fig.3.7 displays force-displacement curves from several pull-out tests with 600N
pre-tension; they show that good consistency was obtained with the procedure
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Figure 3.5: Out-of-plane pull-out setup with details of the hook pulling the yarn.
Figure 3.6: Details of yarn during (a) out-of-plane pull-out and (b) projectile penetration
(projectile diameter is 12mm) [20].
employed. This is the first time such tests have been performed, and results
show that the serrated decreasing force-displacement profile for in-plane pull-out
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is also observed for out-of-plane pull-out. The pulled longitudinal yarn moves
simultaneously across two transverse yarns, leading to the clearly discernible
24 local maxima and 25 local minima in the response. It is noted that the
amplitude of the undulations is approximately twice that for in-plane pull-out;
this is reasonable, since the pulled yarn moves across two yarns at the same time.
The response for out-of-plane pull-out is similar to that for in-plane pull-out; the
yarn straightens and uncrimps before it is stretched to the point when friction
cannot restrain the movement of the yarn. The load then oscillates as the free
end of the pulled yarn passes over and under its transverse counterparts.
Figure 3.7: Force-displacement response for out-of-plane pull-out (600N pre-tension).
It should be noted that fabric specimens must be carefully cut to ensure that
the pulled yarn has exactly the same number of transverse yarns on each side. If
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the pulled yarn is not sited centrally, the pull-out force-displacement profile will
exhibit indistinct fluctuations (Fig.3.8). This arises from asymmetric pull-out,
whereby a local peak force corresponding to the pulling of one side of the yarn is
combined with a local force trough related to pulling of the other arm of the yarn
which is in an asymmetric profile, resulting in smoothen of the force-displacement
curve.
Figure 3.8: Example of asymmetric pull-out; curve for asymmetric pull-out displays
indistinct oscillations in the initial phase.
The influence of pre-tension on the peak force is observable in Fig.3.9; it in-
creases from 34N to 57N for an increase in pre-tension from 100N to 600N.
As with in-plane pull-out, the relationship between force and pre-tension is ap-
proximately linear, indicating that pre-tension enhances fabric integrity – i.e.
resistance to yarn pull-out.
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Figure 3.9: Variation of pull-out force with pre-tension for out-of-plane pull-out.
Figure 3.10: Comparison between free ends of yarns for out-of-plane pull-out with 100N
and 600N fabric pre-tension.
Fig.3.10 compares images of the tips of yarns pulled out of fabric subjected to
100N and 600N pre-tension. For 600N pre-tension, the transverse yarns are sub-
jected to greater stretching, which in turn increases the normal and tangential
forces on the pulled yarn. Consequently, its fibres are more spread out compared
to the case of 100N pre-tension, because the yarn cross-section had to deform sig-
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nificantly to accommodate the force applied by its neighbors, thereby degrading
its integrity.
3.3.3 Comparison between in-plane and out-of-plane pull-
out
Fig.3.11 compares the influence of pre-tension on yarn mobility for in-plane
and out-of-plane pull-out. This figure compares the variation of the peak pull-
out force with pre-tension per yarn (rather than total pre-tension on the fabric)
for both modes of pull-out.
Figure 3.11: Influence of pre-tension on yarn peak pull-out force: comparison between
in-plane and out-of-plane pull-out.
Fig.3.11 shows that the effect of pre-tension on resistance to yarn pull-out is
very similar for both modes of pull-out, as the slopes of the curves are almost
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identical. Note that for out-of-plane pull-out, the pull-out force direction is
perpendicular to the fabric plane, causing it to deflect. This increases the normal
force between transverse yarns and the pulled yarn, thereby increasing resistance
to pull-out.
3.3.4 Energy dissipation during out-of-plane pull-out
Out-of-plane pull-out is arguably the closest to yarn pull-out during ballis-
tic penetration. The tests described earlier facilitate calculation of the energy
dissipated during pull-out, by computing the area under the curves in Fig.3.7.
Fig.3.12 shows that with 600N pre-tension, out-of-plane pull-out consumes 1.4J
to 1.7J.
Figure 3.12: Variation of energy absorbed with yarn displacement for out-of-plane pull-
out (600N pre-tension).
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Projectile penetration tests performed on the fabric (results presented in chap-
ter 4) show that for a given specimen size, the energy absorbed by a fabric when
perforated by a spherical steel projectile typically ranges from 22 to 28J; yarn
pull-out hence represents ∼ 5%-7% of the energy absorbed in fabric perforation.
This confirms that yarn pull-out does not account for much of the impact en-
ergy absorbed, particularly because yarns are rarely completely pulled out of the
fabric plane; generally, only the central yarns are partially pulled out by the pro-
jectile. It should also be noted that frictional dissipation, though not responsible
for much of the energy absorbed, plays an important role in transmitting stress
from primary yarns to the rest of the fabric. A more in-depth analysis of the
role of friction in energy absorption is described in chapter 4.
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3.4 Numerical simulation of in-plane and out-
of-plane pull-out
3.4.1 Finite element modeling and procedure
A comprehensive description of different methods developed by researchers to
model woven fabrics has been provided in Chapter 1. It showed that for simula-
tion of the pull-out tests performed in this study at a scale comparable to exper-
iments, it is reasonable to discretize each yarn and homogenize its constituent
fibres such that the yarns appear as continua. Surface interactions between yarns
– at each crossover and also everywhere else on the pulled yarn – are of great
interest; hence, the use of solid elements, which enables a detailed description
of the overall yarn geometry, appears to be the most appropriate compromise,
given the associated computational costs. As mentioned in Chapter 1, the use of
solid elements enhances accuracy with respect to yarn interactions and volumet-
ric deformation. However, it introduces difficulties in reproducing actual fabric
features, since yarn rigidity is overestimated [82]. This is partly because existing
models idealize yarns using hexahedral elements with two elements through the
thickness (Fig.3.13(a)), which is a common procedure when using solid elements
with reduced integration (i.e. only one integration point), in order to account
for bending resistance or flexural stiffness.
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Figure 3.13: Comparison of mesh between (a) typical existing models [13] and (b) the
present study.
However, aramid yarns are actually made of many closely-packed filaments,
endowing them with exceptional flexural compliance, and therefore the resis-
tance of yarns to bending is negligible. Models should hence aim to mimic this
minimal flexural stiffness of yarns. To achieve this, membranes elements can be
used [13], but they do not capture the yarn cross-sectional geometrical features
accurately. Use of solid elements to cater for contact interaction, encounters the
problem of excessive bending rigidity. One approach to address this is to have
only one solid element through the thickness of the yarn (Fig.3.13(b)); this signif-
icantly decreases bending resistance. Indeed, when solid elements with reduced
integration are used, only one central integration point is employed to calcu-
late the stresses in the element; calculation of flexural resistance is not possible,
because this necessitates at least two integration points through the thickness.
This enables modelling of the high flexural compliance of yarns, and hence fab-
rics. An accompanying benefit is a reduction in computational cost, because
fewer elements are required, and therefore larger pieces of fabric can be modeled.
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However, the use of such elements requires careful stabilization control to avoid
element distortion; this might generate non-physical energy modes which should
always remain negligible compared to actual energy modes associated with de-
formation (kinetic energy, strain energy and frictional dissipation); in the present
study, the non-physical energy generated was confirmed to be negligible.
Simulations of a fabric comprising 80x99 yarns for in-plane pull-out, and 99x99
yarns for out-of-plane pull-out were undertaken. Due to the resulting large num-
ber of contact points at yarn cross-overs, the simulation cannot converge if an
implicit code (usually for quasi-static simulations) is employed. An explicit code
was used instead, and the software Abaqus® was employed. The fabric geome-
try was based on micrographs of the warp and weft yarns, which have a density
of 1.3g/cm3 according to the specifications of Twaron. The yarn mesh comprises
one element in the thickness direction and five along the width of the yarn.
Although the experimental results in Chapter 2 showed that aramid yarns dis-
play rate-dependent properties when subjected to dynamic loading [8,18,24,85],
this was not modeled since only quasi-static deformation is considered. Ac-
cording to the recommendations of Nilakantan et al. [53, 65, 84] and Grujicic et
al. [13, 15], the yarns were modeled as orthotropic material to account for their
highly directional properties. The modulus along the yarn length was deduced
from experiments [85] previously performed and described in Chapter 2, while
the properties in the transverse direction were taken to be two orders of magni-
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tude smaller, according to recommendations by Nilakantan et al. ( [53, 65, 84]).
Eaxial = 65.2GPa (E11), Etrans = 652MPa (E22 and E33), ν = 0.0 (ν12, ν23, ν31),
and G = 100MPa (G12, G23, G31). No failure criterion was implemented since
the peak pull-out force is much lower than the maximum sustainable force of the
yarns [85]. The simulation procedure was as follows:
i - Progressive increase in pre-tension for 5s with a linear increase from zero
to the desired value, followed by 10s of stabilization;
ii - Yarn pull-out, during which the edges of the fabric are pinned, and a yarn
is pulled out at a speed of 5mm/s.
Simulations were first performed using a smaller model, in which a convergence
study for mesh size was conducted. Fig.3.14 compares pull-out force values
for yarns with five, six, and seven elements across the width, and the same
dimensions in the yarn length direction. The results are similar, showing that
the mesh sizes chosen have no influence.
Due to the explicit code and fine mesh used, mass scaling was employed to
decrease the computational cost and an investigation into mass scaling was un-
dertaken to ensure that inertia does not affect the results. Fig.3.15 displays
the evolution of kinetic energy, strain energy, and frictional dissipation for the
reduced-size models with mass scaling, for in-plane and out-of-plane pull-out.
Each graph also shows the variation of kinetic energy plotted separately in order
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Figure 3.14: Mesh convergence study for (a) in-plane and (b) out-of-plane pull-out.
to observe the trend (the magnitude-scale is different). It indicates that kinetic
energy is negligible compared to the two other main components of energy –
strain energy and frictional dissipation. This confirms that the time increment
with mass-scaling is reasonably small and does not artificially add inertia to the
fabric.
To calculate the pull-out force, a rigid body was modeled as being attached to
the yarn; a displacement boundary condition of 5mm/s was then applied, and
the reaction force computed. The rigid body was tied to a free end of the central
yarn for in-plane pull-out (Fig.3.16(a)), and to the mid-point of the central yarn
for out-of-plane pull-out (Fig.3.16(b)).
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Figure 3.15: Variation of energy components with time for the reduced size model; kinetic
energy is negligible for both (a) in-plane and (b) out-of-plane pullout. (NB: pre-tension
phase has been compressed for clarity).
Figure 3.16: Detail of rigid body-yarn attachment for (a) in-plane and (b) out-of-plane
pull-out. Arrows indicate direction of the displacement imposed.
3.4.2 Characterization of fabric frictional properties – a
parametric study
Since experiments showed that the pulled yarn was essentially constrained
by friction generated via the contact force with transverse yarns, a Coulombic
friction description is adopted. Inter-yarn contact interaction was implemented
119
CHAPTER 3. INTER-YARN FRICTION AND YARN MOBILITY IN
WOVEN FABRICS
using Coulomb’s law of friction, whereby the tangential component of the con-
tact force is proportional to its normal component via the coefficient of friction µ.
As the simulation involves inter-yarn slippage, the frictional description chosen
considers both static and kinetic friction, described respectively by the coeffi-
cients µs and µk; typically, µk is smaller than µs. The relationship between both
coefficients follows an exponential function of slip rate:
µ = µk + (µs − µk)edγ (3.1)
where µs and µk are respectively the static and kinetic friction coefficients, d is
the decay coefficient and γ the slip rate [91]. The decay coefficient characterizes
how the material frictional properties are affected by static and kinetic friction
coefficients. A small decay coefficient is characteristic of a material influenced
largely by its static friction coefficient µs, even for high slip rates, while a larger
decay coefficient d characterizes materials with frictional properties that are es-
sentially governed by its kinetic coefficient of friction µk. At each contact point,
the coefficient is deduced from the slipping condition.
A parametric study was undertaken to determine the values that yield the best
fit with experiments. Simulations of in-plane and out-of-plane yarn pull-out at
various fabric pre-tension levels were run using different coefficients of friction.
To better understand the effects of the three parameters, the influence of each
was isolated. Simulations for 100N, 300N, 450N and 600N pre-tension were run
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and compared with experimental results. The static coefficient µs was found to
increase the peak pull-out force for all pre-tension. The other two parameters
have a different influence on the variation of the peak pull-out force with pre-
tension.
Fig.3.17 shows the influence of the decay coefficient d; an increase in d decreases
the influence of pre-tension on the fabric – i.e. it decreases the slope of the peak
force-pre-tension curve. This is expected, because a higher pre-tension means
that the pulled yarn must stretch more before movement of its free end occurs.
When stretched, the pulled yarn slides against its transverse counterparts, which
resist its movement through contact friction; a higher d value reduces the friction
force and hence decreases the effect of pre-tension.
Figure 3.17: Influence of decay coefficient d on peak pull-out force for (a) in-plane
(µs=0.27, µk=0.18) and (b) out-of-plane pull-out (µs=0.27, µk=0.15).
121
CHAPTER 3. INTER-YARN FRICTION AND YARN MOBILITY IN
WOVEN FABRICS
The influence of the kinetic coefficient of friction was also studied. Fig.3.18
shows that decreasing µk decreases friction in the fabric, and hence lowers the
influence of fabric pre-tension on yarn pull-out. This is also because a higher
pre-tension means that the pulled yarn must stretch more before movement of
its free end commences, and the distance it slides against its transverse neighbors
increases. Transverse yarns exert a resistance via friction and hence, the higher
the kinetic friction coefficient, the more difficult it is for the pulled yarn to slide,
and the higher the peak force.
Figure 3.18: Influence of kinetic coefficient of friction µk on evolution of peak pull-out
force for (a) in-plane (µs=0.27, d=0.5) and (b) out-of-plane (µs=0.27, d=0.5) pull-out.
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All results are presented on a graph comparing the peak pull-out force for var-
ious pre-tensions and different friction coefficients. Fig.3.19 and Fig.3.20 show
the results respectively for in-plane and out-of-plane pull-out. The first, sec-
ond and third parameter values indicated in the legends of Fig.3.19 and Fig.3.20
correspond respectively to the static friction coefficient µs, kinetic friction coef-
ficient µk and decay coefficient d. The average difference between experiments
and simulation in terms of peak force value are also summarized in Table 3.1,
which shows the standard deviation, and highlights the set of parameters that
give the best fit with experiments.
Figure 3.19: Influence of pre-tension on peak force for in-plane pull-out. Comparison
between experiments and simulations using different parameters. The first, second and
third parameter values indicated in the legend correspond respectively to the static fric-
tion coefficient µs, kinetic friction coefficient µk and decay coefficient d.
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Several aspects can be identified from Figs.3.19 - 3.20. Firstly, for the same fric-
tion parameter values, the peak pull-out force for 100N pre-tension is consistently
underestimated compared to the pull-out force for higher levels of pre-tension.
This is believed to be due to the relatively looser weave pattern of the simulated
fabric compared to the actual one. As Fig.3.21 shows, even though the profiles
of both fabrics are very similar, the numerical model has no initial contact be-
tween the yarns, as this would generate element interpenetration which is not
allowed in the code. Consequently, the fabric weave is slightly looser than the
actual one, where yarns are closely packed and obviously in contact with each
other even before pre-tension is applied. The initial pre-tension serves primarily
to bring yarns in contact with one another and hence when pre-tension in the
fabric is small, yarn pull-out tends to be underestimated. At higher pre-tension,
this difference is absent.
Fig.3.20 also shows that for a given set of parameter values, out-of-plane pull-
out simulations over-estimate the peak force compared to in-plane pull-out. Dur-
ing out-of-plane pull-out, the fabric indeed undergoes bending. Although having
only one element through the yarn thickness drastically reduces the flexural stiff-
ness, the numerical model is still stiffer than an actual fabric, as the yarns are
modelled as solids compared to actual yarns made of fibres that are able to
slip past one another. During in-plane pull-out, this stiffness does not affect
the simulation significantly, since the yarn is pulled parallel to the fabric, and
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Figure 3.20: Influence of pre-tension on peak force for out-of-plane pull-out. Compari-
son between experiments and simulations using different parameters. The first, second
and third parameter values indicated in the legend correspond respectively to the static
friction coefficient µs, kinetic friction coefficient µk and decay coefficient d.
Figure 3.21: Comparison between cross sectional area of (a) micrograph of actual fabric
T717 and (b) numerical model; there is no initial contact between yarns in the numerical
model.
hence does not experience much bending. However during out-of-plane pull-out
simulations, the yarn is extracted perpendicular to the fabric which is deflected
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upwards. This bending may cause an increase in the force experienced by the
rigid body attached to the yarn, associated with resistance to yarn extraction
generated by the transverse yarns around the point where the pulled yarn changes
its vertical orientation to the horizontal portion, which is still within the fabric
weave. Fig.3.22(a) shows that in simulations of out-of-plane pull-out, stress con-
centration is generated at the edges of transverse yarns sited near the centre of
the fabric, because of the inability to simulate major changes in the yarn cross-
section geometry. Such stress concentration and significant yarn cross-section
alterations are absent in in-plane pullout (Fig.3.22(b)); orthogonal yarns do not
experience significant stresses at their edges as the pulled yarn slips past them.
The stress concentration is a direct consequence of idealizing yarns as uniform
solids; in reality, the fibres within a yarn have the ability to reorganize themselves
and alter the yarn cross-section geometry to reduce the stress experienced.
Figure 3.22: Example of (a) out-of-plane and (b) in-plane pull-out simulation: stress
concentration is visible at the edges for out-of-plane pull-out.
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Nevertheless, the study shows that different modes of yarn pull-out at various
pre-tension levels can be successfully simulated – both in-plane and out-of-plane.
By choosing µs = 0.27 µk = 0.16 and d = 0.5, the average differences between
simulations and experiments in terms of the peak pull-out force are 15.1% and
12.9% respectively for in-plane and out-of-plane pull-out. This is reasonable and
shows that the model developed is able to describe quantitatively, fabric and
yarn properties, and can be used in subsequent analysis. The values obtained
are also within the range reported by others [56].
Table 3.1: Relative difference between experiments and simulations in terms of peak
pull-out force for different sets of friction parameters. For each set of parameters, the
first, second and third values correspond respectively to the static friction coefficient
µs, kinetic friction coefficient µk and decay coefficient d. The percentages indicate the
average difference across pre-tensions between experiments and simulations.

























In-plane 4.79% 4.82% 6.54% 17.65% 18.82% 9.95% 15.05% 13.98%
Out-of-plane 48.96% 40.98% 32.39% 2.13% 8.12% 22.24% 12.86% 16.28%
Stand. dev. 0.2208 0.1808 0.1292 0.0776 0.0535 0.0615 0.0110 0.0115
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3.4.3 Discussion on energy dissipation evolution
Figure 3.23: Comparison between experiment and simulation for in-plane pull-out at
600N pre-tension.
Fig.3.23 shows force-displacement curves for in-plane pull-out at 600N pre-
tension, and compares experimental and simulation results. The superposed
sinusoidal fluctuations are also observed in the simulation, showing that the
model captures this feature. A Fourier frequency analysis of both signals was
also undertaken, and the results are presented in Fig.3.24. Based on the dominant
spatial frequencies identified, the wavelengths are 2.24mm and 2.33mm for the
experiments and simulations respectively – i.e. a relative difference of only 3.9%
between them, indicating good correlation. However, it is noted that the decrease
in force following the peak value is faster in experiments. This is believed to be
due to the greater flexural rigidity of the model which, in spite of a minimal mesh
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of only one element through the yarn stiffness, leads to a greater force required
to pull the yarn out of the fabric. However, similarities in the simulation and
experiment are evident.
Figure 3.24: Discrete Fourier transform of force-displacement curves in Fig.3.23, confirm-
ing that oscillations in experiments and simulations are similar.
Fig.3.25 displays the energy components for an in-plane pull-out simulation
for 600N pre-tension. The curves correspond to the beginning of pull-out to
displacement just after occurrence of the peak force; the pre-tension phase is not
shown. As mentioned previously, kinetic energy is negligible compared to the
main two forms of energy dissipation – strain energy and friction. The graph
shows that the external work corresponding to the force-displacement of the
pulled yarn is mainly dissipated via friction, confirming that this is the main
mechanism opposing pull-out and restraining yarn mobility.
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Figure 3.25: Energy components for in-plane pull-out at 600N pre-tension.
However, the fabric also stores energy in the form of strain energy until the
peak pull-out force is reached, after which it is progressively released, following
the same profile as the force-displacement curve (Fig.3.26). This shows that most
of the strain energy is stored in the pulled yarn, and the rest of the fabric does
not experience much stress.
This is also evident in Fig.3.27, which shows the state of stress in the fabric;
the stress is obviously the highest at the pulled end of the yarn, compared to
the rest of the fabric. The image also shows that the stress in the pulled yarn
decreases towards its free end. Fig.3.27 and Fig.3.28 depict images of in-plane
and out-of-plane pull-out respectively, for 600N pre-tension; they confirm that
most of the stress is concentrated in the pulled yarn.
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Figure 3.26: Comparison between evolution of strain energy in the fabric and the pull-out
force.
Figure 3.27: Stress distribution along yarn direction for in-plane pull-out at 600N pre-
tension.
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Figure 3.28: Stress distribution along yarn direction for out-of-plane pull-out for 600N
pre-tension. (Scale has been adjusted to remove the effect of stress concentration on the
colour contours).
The simulations also provide an understanding of why yarn mobility is de-
creased by pre-tension, through its influence on the energy components. For
each pre-tension level (100N, 300N, 450N and 600N), the strain energy and fric-
tional dissipation, at the instant the pull-out force is maximum, were computed.
The energy values for 300N, 450N and 600N pre-tension were normalized with
respect to the value for 100N pre-tension, and the increase in strain energy and
frictional dissipation with pre-tension was analyzed. Fig.29 compares the evolu-
tion of these two energy components with pre-tension. It shows that the rate of
increase for strain energy is higher.
Fig.3.29 shows that the increases in strain energy are consistently higher than
those for frictional dissipation – i.e. the strain energy increases more sharply with
pre-tension. For example, the strain energy value increases by almost 700% when
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Figure 3.29: Variation of strain energy in the fabric and frictional dissipation with pre-
tension, at instant of maximum pull-out force (normalized with respect to values pre-
tension) for in-plane pull-out.
the pre-tension is elevated from 100N to 600N, whereas frictional dissipation
increases only by 400%; this indicates that pre-tension has a greater effect on
strain energy. Pre-tensioning the fabric constrains yarn mobility and necessitates
that the pulled yarn be stretched significantly before it can move.
This suggests that enhancing fabric integrity by increasing inter-yarn contact
interaction through greater pre-tension, or increasing the frictional properties of
the material, can become excessive. Constraining yarn mobility too much can
promote yarn failure, as its ultimate tensile strength could be attained before the
peak pull-out force is reached; hence, very high pre-tension may be detrimental.
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3.4.4 Periodic fluctuations in the Force-Displacement curve
Experiments in the present work and previous studies [19,82] show that after
the peak pull-out force is reached, the pull-out force starts to oscillate. However,
the mechanism governing this has yet to be examined in detail. The current
study and Zhu et al. [82] have noted that the number of oscillations corresponds
to exactly half of the number of transverse yarns the pulled yarn slips across –
i.e. one period corresponds to movement across two yarns. This suggests that
the yarn encounters alternating ”easy” and ”difficult” crossovers, and each time
the pulled yarn passes two transverse yarns, a cycle is completed. Observations
by Nilakantan and Gillespie Jr. [19] also indicate that these oscillations occur
even for an ”infinite yarn” – i.e. a case where the yarn free end extends so long
outside the fabric that it does not reach the fabric edge. Hence, the number
of transverse yarns being traversed remains constant with displacement of the
pulled yarn (compared to the present case, whereby the yarn is pulled out of the
fabric, and hence the number of interacting transverse yarns decreases from 80 to
zero). To understand these force oscillations, simulations using a smaller model
were run. Fig.3.30 depicts a cross-section of the fabric during yarn pull-out –
the pulled yarn is red, while the lower transverse yarns are green and the upper
transverse yarns are pale blue.
Figure 3.30: Cross-section of fabric showing the pulled yarn just before peak pull-out
force is reached.
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Fig.3.30 shows clearly that the pulled yarn has an inherent curvature, or crimp.
The image also shows that the influence of each transverse yarn (lower or upper)
is symmetric, except at the yarn free end, which is either above or below the
transverse yarn it is in contact with. It is instructive to focus on the movement
of this yarn tip. Fig.3.31 shows the simulated pull-out force-displacement curve,
corresponding to several oscillations. It is noted that at every local peak (or
minimum), the position of the pulled yarn relative to the transverse yarn it is
crossing is the same, confirming that the local force increase is always associated
with the same degree of resistance imposed on the pulled yarn. It also confirms
that the pulled yarn slips through one of two adjacent crossovers more easily
than the other one.
Figure 3.31: Variation of pull-out force with yarn position for peak values.
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To better understand why the pulled yarn position influences the pull-out
force, the curve in Fig.3.31 is restricted to a single oscillation in Fig.3.32. The
markers on the curve correspond to the images taken in Fig.3.33.
Figure 3.32: Magnification of Fig.3.31, showing one cycle of the pull-out force-
displacement curve. The numbers denote the images of the yarn profile in Fig.3.33.
Image 1 in Fig.3.33 shows that at the beginning of each oscillation, the profile
of the pulled yarn is the same as that of its original woven position. The yarn
possesses an initial crimp, and its ”crimp” strain energy attains a minimum when-
ever its undulating profile corresponds to its original crimped geometry. When
the yarn is pulled, its crimped profile resists alteration and work is required to
move the yarn: the original crimped profile has to be inverted to enable motion
across a transverse yarn. The peak force corresponds to complete inversion of
the initial crimp profile (image 2), after which less force is required to move the
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Figure 3.33: Cross-sectional view of fabric for different amounts of yarn displacement.
The pulled yarn is in red. Numbers correspond to points on the graph in Fig.3.32.
yarn (images 4 to 6), until it re-assumes its original crimped profile before the
next cycle begins (image 7). These observations are consistent with previous ex-
periments related to yarn uncrimping [85], which show that removal of the initial
yarn crimp curvature requires a small force. In each crimp inversion cycle, the
yarn is displaced from its minimum energy configuration, and this is associated
with a transient increase in the pull-out force. When the yarn has displaced
sufficiently to recover its initial crimp profile, the force drops to a momentary
minimum. A comparison between image 2 and image 4 in Fig.3.33 shows clearly
that when the yarn is in its minimum energy configuration – original crimped
profile – the portion of the yarn between the last crossover and the yarn tip, is
in contact with the transverse yarn, whereas when its original crimped profile is
inverted, that portion is not in contact with the transverse yarn. This means
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that whenever the yarn assumes its original crimped profile, the area of contact
with transverse yarns is larger than when the yarn is in the inverted configura-
tion. Although the difference in area is small, this may also contribute to the
amplitude of the oscillations, as it is more difficult to move the yarn when its
area of contact with transverse yarns is larger (because contact with a larger
number of transverse yarns will result in additional contact forces imposed).
Essentially, in each force-displacement cycle, the oscillation in the pull-out
force comprises the contributions of (i) the force required to alter the minimum
energy crimped profile of the yarn to a different configuration, and (ii) a cyclic
change in area of contact between the pulled yarn and the transverse yarns it is
moving across.
3.5 Conclusion
A new experimental procedure has been established to facilitate out-of-plane
yarn pull-out tests on woven fabrics (the experimental arrangement also accom-
modates in-plane yarn pull-out). In-plane and out-of-plane single yarn pull-out
tests for various levels of pre-tension in the fabric were undertaken. The results
show that both the in-plane and out-of-plane peak pull-out force varies linearly
with pre-tension applied to the fabric, and that pre-tension has a greater influ-
ence on in-plane pull-out compared to out-of-plane pull-out. An estimate of the
energy dissipated by yarn pull-out shows that it is not a significant component
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in a projectile penetration of a fabric.
In tandem with the experimental tests, a finite element model was formulated
and was able to simulate both in-plane and out-of-plane pull-out for various levels
of fabric pre-tension. To model inter-yarn contact interactions, a Coulombic
description of friction was adopted, which takes into account both static and
kinetic friction, because yarn pull-out involves motion. A parametric study of
the Coulombic description of friction shows that consideration of both static and
kinetic friction yields a good fit with experiments. The results show that:
i - The numerical model developed is able to capture, quantitatively and
qualitatively, the experimental results. In particular, the peak pull-out
force values and periodic fluctuations in the force-displacement response
were well described
ii - During yarn pull-out, energy is dissipated mainly through friction. How-
ever, before the peak force is reached, the fabric also stores strain energy
through stretching of the pulled yarn. This energy is then gradually re-
leased during pull-out.
iii - Increased initial pre-tension of the fabric generates constraints against
movement of the pulled yarn, and this increases the strain energy in the
fabric. Pre-tension has a greater influence on strain energy stored by the
fabric than on frictional dissipation. An excessive pre-tension could lead to
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premature failure of the pulled yarn because its ultimate tensile strength
is reached before the peak pull-out force is attained
iv - Detailed examination of the yarn profile during pull-out shows that the
cyclic fluctuations in the pull-out force arises from repeated inversion of
the pulled yarn’s initial woven crimped profile as the yarn moves over and
under transverse yarns
The model and results described are used for simulation of projectile impact.
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4.1 Introduction
As described in Chapter 1, high-strength woven fabrics are often used for pro-
tection against impacts associated with various events such as explosion and
blast among others. Hence, the performance of an impact-resistant woven fabric
is generally defined by its ability to arrest an incoming projectile. Consequently,
its ballistic limit, defined by the critical velocity at which a projectile perforates
a fabric, and hence its maximum energy absorption capacity, is of prime interest,
and is influenced by various fabric parameters as described in Chapter 1. The
experiments described in Chapter 2 have shown that the mechanical properties
of woven yarns differ from those of virgin yarns – i.e. that the processes associ-
ated with weaving alter the yarn properties. These experiments have provided
accurate data describing the mechanical properties of woven yarns over a large
range of strain rates, and it will be used to derive a yarn constitutive model
describing its behavior under dynamic loading. A comprehensive experimental
and numerical study of yarn pull-out test corresponding to various orientations
and pre-tensions was presented in Chapter 3; this study provided a validated
numerical model of the fabric with its frictional properties deduced via a para-
metric study. Chapter 2 and Chapter 3 yielded the input to determine the fabric
internal parameters – i.e. (i) yarn properties (constitutive model) and (ii) fab-
ric frictional properties. This chapter presents the main aspects of the present
study. Based on the results highlighted in Chapter 2 and Chapter 3, the present
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chapter examines the influence of fabric pre-tension and impact angle on the
penetration resistance of woven fabric. Identifying the effect of pre-tension on
the performance of high-strength fabrics is motivated by interest from a phe-
nomenological viewpoint, as pre-tension serves as a fabric stiffener, which affects
the response. An investigation into quantifying fabric performance, and identify-
ing the mechanisms influencing the response when pre-tension is varied, has not
been undertaken before. It includes the development of a fixture which enables
simultaneous pre-tensioning and adjustment of inclination of fabric specimens.
Using this device, the influence of pre-tension and impact obliquity on the ballis-
tic limit is examined. In parallel, a numerical study based on the data presented
in Chapter 2 (dynamic behavior of the yarns) and Chapter 3 (fabric frictional
properties) is undertaken. A constitutive model which includes the viscoelastic
properties of fabric yarns is developed, and the finite element model described
in Chapter 3, incorporating the fabric friction properties determined, is used to
simulate projectile impact. The model helps identify the primary mechanisms
governing fabric behavior and the effects of pre-tension and impact angle on these
mechanisms.
This chapter is essentially directed at two aspects: (i) an experimental and
numerical study of the influence of pre-tension on the ballistic limit of fabric
subjected to both normal and oblique impact, and (ii) establishment of a numer-
ical model that incorporates the viscoelastic behavior of yarns and captures the
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unique flexibility of fabric materials. The results of this chapter are divided into
two sections: (i) normal impact on woven fabric, whereby the influence of pre-
tension is examined, and (ii) impact on woven fabric at various angles, whereby
the combined effects of pre-tension and obliquity are studied.
4.2 Experimental testing and numerical mod-
elling of fabric subjected to projectile im-
pact
4.2.1 Experimental setup for projectile impact tests
4.2.1.1 Holding fixture for fabric specimens
The experimental setup used for mounting fabric specimens for projectile im-
pact tests is shown in Fig.4.1. It was developed by Tan [92] as part of a final-year
undergraduate project; the fixture allows fabric specimen to be subjected to pre-
tension and to be inclined at different angles. It also facilitates high-speed video
photography. Strain gauges are mounted on four high-strength aluminum al-
loy support columns to measure the amount of pre-tension applied to a fabric
specimen, as well as the transient in-plane force experienced during projectile
impact.
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Figure 4.1: Side and front view of test fixture.
The fabric specimens measure 400mm in the warp direction and 140mm in
the weft direction; the upper (130mm) and lower (130mm) portions in the warp
direction are rolled around the clamping rods such that the final exposed area is
140x140mm, corresponding to approximately 116x116 yarns. Fabric specimens
were impacted at various velocities by a 12mm diameter spherical steel projec-
tile weighing 6.95 g, launched from a gas gun. Fig.4.2 shows the fabric fixture
and experimental setup used to obtain experimental data; the projectile impact
velocity is measured by laser photodiodes placed in front of the fabric, and the
residual velocity, in the case of perforation is obtained from high-speed images.
A Photron FASTCAM SA1.1 high-speed camera, operating at a framing rate of
43,200 frames/s and a shutter speed of 1/95,000s, records optical images of the
deformation; it is operated via the software PFV using the End mode – i.e. the
trigger is activated after impact by the operator, causing the software to save
images recorded earlier. Given the very high framing rate, a sufficiently bright
lighting system had to be used to illuminate the specimen; this consisted of two
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Hydrargyrum Medium Arc-Length Iodine lights placed next to the camera. To
observe the deformation, a system of mirrors facilitates viewing of both the side
profile and exit face of the fabric specimen; the side view is obtained indirectly
by the alignment of two mirrors, whereas the exit view is observed directly using
a mirror inclined at 45° and placed behind the target specimen.
Figure 4.2: Experimental setup for ballistic impacts.
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4.2.1.2 Experimental procedure for projectile impact tests
Specimens were stretched in the warp yarn direction by applying pre-tensions
of 100N, 1,000N, 2,000N and 4,000N. This was done by rotating gears connected
to the clamping rods, thus stretching the fabric and compressing the support
columns simultaneously. The pre-tension force was obtained by summing up the
forces derived from the strain gauges on the four support columns; the observed
pre-tension value was always within 5% of the desired value. It should be noted
that fabrics have a tendency for adjustment of constituent yarns when subjected
to tension, such that some form of relaxation may occur after the pre-tension is
applied [19]. Hence, in the present study, the level of pre-tension in the fabric was
recorded after at least 5mins, so that the fabric relaxation could be accounted
for, and the final pre-tension value was recorded within 30 seconds before a test.
The angle between the fabric normal and the projectile trajectory was varied
(Fig.4.3) – 0° (normal impact), 30°, 45° and 60° – to examine the effect of
impact obliquity.
Figure 4.3: Fabric position and projectile trajectory for different angles.
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4.2.1.3 In-situ measurement of dynamic force experienced by fabric
during impact
One of the limitations in actual ballistic testing is to identify mechanisms gov-
erning energy absorption by the fabric. In a typical penetration test, a primary
source of information are the high speed images of the deformation, and the
residual velocity of the projectile; these enable the determination of the ballistic
limit and the energy absorption capacity of the fabric. However, such informa-
tion is insufficient to determine the internal deformation mechanisms governing
fabric performance; visualization of high-speed images can help in formulating
hypotheses, but deformation mechanisms have to be examined by computational
simulation, which addresses gaps in information from experiments. The present
test setup includes a new feature, which enables direct measurement of the dy-
namic force in the fabric plane during impact. This is derived from the dynamic
axial strain induced in the four support columns, from which the dynamic force
history in the columns, assumed to be opposing the force in the fabric, is de-
duced. A typical fabric dynamic force-time response is plotted in Fig.4.4; such
curves provide an insight into the amount of stretching the fabric experiences.
Furthermore, the influence of parameters such as pre-tension or impact angle on
strain energy in the fabric can be deduced from the plot.
The dynamic force-time history yields insights into the amount of stress the
fabric is subjected to and can sustain during impact. The force in the columns
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Figure 4.4: Typical fabric dynamic force-time response (1,000N pre-tension, 0deg incli-
nation; V0 = 87.71m/s)
starts to increase when the longitudinal wave in the fabric propagates to the
columns (this is very rapid given that the longitudinal wave speed in the fabric is
approximately 8,320m/s, and the distance from the impact point to the columns
is 70mm. Consequently, the time required for the longitudinal wave to reach the
edges is of 8.41µs – i.e. less than the time between two optical images which
is 1/43,200 = 23.15 µs). Hence, whenever contact between the projectile and
the fabric becomes observable in the high speed images, stress has already been
transferred to the columns.
4.2.1.4 Determination of ballistic limit
The method proposed by Nilakantan et al. [44] was used to determine the
ballistic limit of the samples. Fabric specimens were subjected to impact tests
within a narrow impact velocity range to determine the velocity that causes
perforation of the fabric. Perforating and non-perforating impacts are plotted
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together on a graph similar to that shown in Fig.4.5. The plot indicates that
the demarcation between non-perforating and perforating impacts is not always
distinct, such that perforation may occur at velocities lower than that where
there is non-perforation.
Figure 4.5: Example of cumulative probability of perforation.
To obtain the ballistic limit, the cumulative probability of penetration is plot-











where F is the probability of perforation, ν the projectile impact velocity, µ the
mean, σ the standard deviation and erf the standard error function, defined by
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The mean and standard deviation are obtained through an optimization func-
tion in Matlab, and a typical set of results is plotted in Fig.4.5. The V50 is
the velocity at which the probability of penetration is 50%, and is taken as the
ballistic limit.
4.2.2 Numerical model the fabric and simulation proce-
dure
Figure 4.6: 3D yarn level model of the fabric.
The numerical model follows the framework described in Chapter 3 [93] and
only the primary aspects are summarized here. A commercially-available ex-
plicit finite element code Abaqus®, was used to simulate projectile impact on
fabric. The plain-woven fabric was modelled as comprising homogenized con-
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tinuum yarns using solid elements (Fig.4.6). This approach has been utilised
previously [80, 94], but often results in overestimation of fabric stiffness due to
the excessive flexural rigidity of such elements. To address this, only one element
through the thickness of the yarn was used, thus minimizing yarn bending stiff-
ness. To mimic an actual fabric specimen, the model had 116x116 yarns, and the
same geometry is used for warp and weft yarns – in terms of crimp amplitude,
cross-sectional area and wave length – because it was observed that both such
yarns in T717 Twaron® fabric display similar profiles.
4.2.2.1 Parameters defining contact interaction
Experimental pull-out tests conducted at various pre-tension levels were de-
scribed in Chapter 3; a numerical model was then developed and simulations of
pull-out tests were also undertaken in order to determine the fabric frictional
properties [93]. The contact interactions for simulation of projectile impact fol-
low the same Columbic law of friction as that mentioned in Chapter 3, which
includes static and kinetic coefficients:
µ = µk + (µs − µk)e−dγ˙ (4.3)
where µs and µk are respectively, the static and kinetic friction coefficients, d
is the decay coefficient and γ˙ the slip rate [91]. These parameters were determined
from yarn pull-out tests, and found to have values of µs=0.27 µk=0.16 and d=0.5
– see Section 3.4.2 for details.
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4.2.2.2 Constitutive modelling of fabric constituent yarns
It was highlighted in Chapter 1 that aramid yarns display viscoelastic behavior
[18, 24], and the experiments described in Chapter 2 have demonstrated that
Twaron® T1040 fabric yarns in this study are rate-dependent. Based on these
results, simulation of projectile impact on fabric – which occurs at high strain
rates – should incorporate rate dependence.
An extensive review of viscoelastic models was given in Chapter 1; based
on experiments previously performed on woven yarns extracted from a T717
Twaron® fabric sample (Chapter 2 and [85]), a five-element Prony series model
(Fig.4.7) was chosen to model yarn behavior. Consequently, the stress-strain
relationship and Young’s Modulus are defined by Eq.4.4 and Eq.4.5, and the
relaxation time for each Maxwell spring-dashpot unit is defined by the ratio
µi/Ei.
Figure 4.7: Rheological model (five-element Prony series model) used to model yarn
behavior.
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The proofs for equation 4.4 and 4.5 and details regarding implementation of
the constitutive model in Abaqus are given in Appendix C.
A least squares algorithm (available in MATLAB) was employed to fit the
experimental stress-strain data to obtain the five parameters E1, E2, E3, µ2
and µ3. To check the validity of the parameter values, tensile tests on a 20mm
crimped yarn at strain rates similar to those in experiments were simulated, i.e.
0.001, 225, 375, 510 and 700s−1. The yarn model is similar to the one used for
the fabric, and an example of dynamic tensile testing is presented in Fig.4.8. A
comparison between experiments and simulations is given in Fig.4.9, and shows
that both uncrimping of the yarn and its rate dependence are well captured by
the model. The values for each parameter are given in Table 4.1.
Figure 4.8: Simulation of dynamic yarn tensile test (375/s).
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Figure 4.9: Comparison between experimental results and simulation of tensile tests on
20mm yarn specimens.
Table 4.1: Parameters for constitutive model input to Abaqus.
E1 µ2 E2 τ2 µ3 E3 τ3
65 GPa 7.105 Pa.s 32 GPa 2.19 .10−5 s 9.105 Pa.s 38 GPa 2.37 .10−5 s
4.2.2.3 Modelling of yarn failure
As there are no failure models for viscoelastic materials available in Abaqus®, a
FORTRAN subroutine was written to define failure. It is a stress-based criterion,
whereby damage in the element is initiated if the stress (in the yarn direction)
exceeds a critical value for a prescribed number of increments; this is to exclude
the effect of numerical noise, which can generate a stress that exceeds the failure
value for one time step, but is not sustained. Once damage is initiated, the stiff-
ness of the element is progressively reduced such that if the element continues to
be stretched, its stiffness finally drops to zero and the element is deleted. Such
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a progressive damage approach helps to account for the fact that during ballis-
tic impact, many yarns are partially damaged, but not totally broken when the
projectile penetrates the fabric. In these yarns, some fibres are broken while oth-
ers remain intact. Although homogenization of the yarns precludes modeling of
fibre-level damage, the progressive decrease in element stiffness helps to account
for damage of the yarns. The procedure is described in Appendix D.
4.2.2.4 Procedure for simulation of projectile impact
The simulations are comprised of two phases for each impact angle, i.e. (i)
stretching of the fabric to the required pre-tension value was first simulated; this
was followed by (ii) simulation of impact by the projectile. Impacts correspond-
ing to different velocities were simulated until fabric perforation was observed.
This velocity was then taken as the ballistic limit. Fig.4.10 shows an example
of a fabric sample pre-tensioned to 100N, perforated by a projectile, where high-
speed images depicting the experimental results are compared with simulation
screenshots. The images show that the essential deformation features are cap-
tured by the model, in terms of fabric transverse deflection and yarn pullout.
The ballistic limit from the simulation is 75m/s, only slightly lower than the
experimental value of 80.7m/s; this indicates that the model is able to simulate
the fabric deformation with fidelity. A more comprehensive comparison between
simulation and experiments for all pre-tensions and impact angles, in terms of
mechanisms and ballistic limit, is presented in Section 4.3.2.1.
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Figure 4.10: Comparison between experiment and simulation for fabric penetrated by
spherical projectile.
4.3 Results and discussion
The following section presents the results of tests and simulations of projectile
impact on a fabric. The influence of pre-tension on fabric performance for normal
impact is first investigated, and responses affected by pre-tension are identified;
subsequently, the combined effects of pre-tension and impact obliquity on the
mechanisms governing fabric performance under projectile impact are examined.
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4.3.1 Effect of pre-tension on performance of woven fabric
subjected to normal impact
This section examines the influence of pre-tension on the performance of woven
fabric subjected to normal impact. The main mechanisms responsible for the
fabric behavior are highlighted, and simulations are compared with experimental
results.
4.3.1.1 Ballistic limit and energy absorbed
Figure 4.11: Evolution of ballistic limit and energy absorbed with pre-tension for normal
impact.
Fig.4.11 depicts the evolution of ballistic limit and energy absorbed with pre-
tension for fabric subjected to normal impact. It shows that pre-tension enhances
the energy absorption capacity over an initial range, beyond which the energy
absorption decreases.
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In essence, pre-tensioning yarns within the fabric degrades their remaining en-
ergy absorption capacity. However, Fig.4.11 shows that the overall fabric energy
absorption capacity is initially enhanced (over a certain range) when subjected
to pre-tension; this indicates that pre-tension generates a positive influence on
some energy absorption mechanisms. The increasing-decreasing profile of the
curve in Fig.4.11 results from the influence of pre-tension on four parameters:
wave propagation, dynamic force in the fabric, failure mechanism and transverse
deflection; these are analysed in the following sections.
4.3.1.2 Influence of pre-tension on transverse wave speed
When the fabric is impacted by the projectile, the longitudinal wave rapidly
propagates to the fabric edges, whereas the transverse wave expands more slowly
compared to the longitudinal wave. Since the warp yarns are clamped and
stretched, transverse wave propagation in the warp direction is faster, so that
the transverse deflection boundary adopts a rhombus shape. Fig.4.12 depicts the
effect of pre-tension on transverse wave speed propagation, where Image 2 for the
three pre-tensions shows that when pre-tension increases, the rhombus becomes
more elongated – i.e. the diagonal of the rhombus in the warp direction is longer.
The images also show that the transverse wave in the warp direction propagates
significantly faster when pre-tension is increased – i.e. for 100N pre-tension, the
transverse wave has not yet reached the clamped edges at t = 250 µs, while
for pre-tensions of 1,000N and 4,000N, the transverse wave reaches the clamped
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edges at t = 150 µs and t = 116 µs respectively. When the transverse wave
front in the vertical direction reaches the clamped edges, transverse deflection
propagates to the secondary yarns – i.e. yarn not in contact with the projectile.
A higher pre-tension promotes this and images 4 in Fig.4.12 show that the area
of fabric deflected increases with pre-tension.
Figure 4.12: Fabric deformation for different pre-tensions at velocities around the ballistic
limit.
4.3.1.3 Influence of pre-tension on force in fabric plane and energy
dissipation components
To understand the initial increase in the ballistic limit (i.e. fabric perfor-
mance) when pre-tension is increased, the dynamic in-plane force in the fabric,
derived from strain values from strain gaugues mounted on the specimen clamp-
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ing frame, was analysed, particularly the peak force. Fig.4.12 shows that more
yarns are transversely deflected when pre-tension increased. This is confirmed by
Fig.4.13, which depicts the dynamic force-time history (Fig.4.13(a)) for different
pre-tensions, and evolution of the peak force with pre-tension (Fig.4.13(b)). It
shows clearly that (i) the force in the fabric increases more rapidly with higher
pre-tensions, and the maximum deflection (corresponding to the peak force) oc-
curs earlier, (ii) the peak force increases with pre-tension and (iii) the curve
fit with experimental data suggests that the peak force reaches a maximum at
around 3500N pre-tension. This indicates that although more yarns are deflected
with increasing pre-tension (generating a higher dynamic force), the reduction in
residual strain energy absorption capacity due to greater pre-stretching of yarns
becomes dominant; this accounts for the peak.
Figure 4.13: (a) Force history for various pre-tension levels (b) Average peak force in
fabric (from strain gauge readings).
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This increase in strain energy is also noticeable from the variation of elastic
strain energy history with pre-tension, extracted from simulations (Fig.4.14).
The curves show that as pre-tension increases, the strain energy increases more
rapidly (confirming faster wave propagation in the fabric) and its peak value
also increases. However, the difference in peak strain energy between 2,000N
and 4,000N is only slightly larger than the difference in the initial strain energy
in the fabric at t = 0.
Figure 4.14: Strain energy history in fabric for impact at 76m/s – Influence of pre-tension.
Fig.4.15 depicts the stress distribution in the fabric at maximum deflection
(corresponding to the highest strain energy in the fabric, i.e. the peak of the
curves in Fig.4.14). The images show that (i) high stresses are mainly limited to
yarns running through the impact contact region for lower pre-tension, compared
to higher pre-tension, where stresses spread to a wider band of yarns, and (ii) the
162
CHAPTER 4. EFFECTS OF PRE-TENSION AND IMPACT ANGLE ON
PENETRATION RESISTANCE OF WOVEN FABRIC
stresses (including pre-tension) in the central yarns are actually lower when the
fabric is subjected to higher pre-tension (fewer reddish portions in the images for
fabrics subjected to higher pre-tension). This shows that pre-tension not only
promotes stress propagation to secondary yarns, it also reduces the concentration
of stresses in primary yarns, which do not then accommodate the bulk of the
energy absorbed; this increases the total energy absorption capacity of the fabric.
Figure 4.15: Stress distribution at maximum deflection of fabric for impact at 76m/s on
fabric pre-tensioned at (a) 100N, (b) 1,000N, (c) 2,000N and (d) 4,000N.
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When a fabric is impacted, its kinetic energy initially increases, as yarns are
stretched and store strain energy. When the fabric attains its maximum trans-
verse deflection, its kinetic energy is negligible compared to the strain energy.
Fig.4.16 depicts how the fabric kinetic energy history is affected by pre-tension,
and shows that increasing pre-tension reduces energy absorption via kinetic en-
ergy transfer, and promotes more rapid dissipation via yarn strain energy. This
is expected since a higher pre-tension restrains the movement of yarns, reducing
the amount of projectile momentum that can be transferred to the fabric.
Figure 4.16: Kinetic energy in the fabric for impact at 76m/s - Influence of pre-tension.
4.3.1.4 Effect of pre-tension on fabric transverse deflection
Fabric transverse deflection is a key aspect in the response of woven fabric for
impact resistance [62], because a small deflection prevents the protected structure
from damage. Increasing pre-tension in the warp yarns reduces the fabric deflec-
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tion capacity significantly, and thus the maximum transverse deflection. Fig.4.17
compares the maximum transverse deflection in two non-perforated specimens
at impact velocities close to the ballistic limit; yellow lines are drawn on the high
speed images to aid visualization.
Figure 4.17: Details of maximum fabric deflection for 100N and 4,000N pre-tension.
Transverse deflection is measured from the high-speed images, and the re-
sults show a 31.6mm maximum deflection for 100N pre-tension, and a 21.8mm
maximum deflection for 4,000N pre-tension; this corresponds to a 31% decrease.
Transverse deflection decreases monotonously with an increase in pre-tension.
The simulations confirm this trend, as the optical images show that the maxi-
mum deflection is smaller for 4,000N pre-tension compared to 100N pre-tension
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by 27% (only 19.7mm in the case of 4,000N pre-tension, versus 26.9mm for 100N
pre-tension); this is similar to experiments. The simulations also confirm that
more yarns are deformed, since the deflected area of the fabric is wider in the
case of 4,000N pre-tension. Pre-tension is hence an efficient mechanism for re-
ducing yarn mobility, which is desirable when prevention of excessive deflection
is required.
4.3.1.5 Evolution of failure mechanisms with pre-tension
Fig.4.18 depicts the fabric structure for the case of penetration; it clearly shows
that for 100N pre-tension, several weft yarns (i.e. unclamped yarns) are pulled
out, whereas for 4,000N pre-tension, yarn mobility is reduced, causing yarn failure
even in weft yarns, whereby fibres spread apart and fibrillate, with some of them
breaking during penetration. The fabric pre-tensioned at 4,000N also exhibits
the tendency to unravel at the edges, whereas this is practically absent for 100N
pre-tension. This is confirmed by the simulations, which show that two weft
yarns are pulled out for 100N pre-tension, and there is little unraveling at the
free edges, whereas for 4,000N pre-tension, no pull-out occurs (yarns are broken)
and unraveling at the free edges is obvious.
By restraining yarn movement, pre-tension enhances stress transmission from
primary to secondary yarns, which increases the involvement of more yarns in
the deformation process. It also promotes an increase in stress in unclamped
weft yarns, due to the constraint on their mobility, as evident in Fig.4.19, which
166
CHAPTER 4. EFFECTS OF PRE-TENSION AND IMPACT ANGLE ON
PENETRATION RESISTANCE OF WOVEN FABRIC
Figure 4.18: Different failure mechanisms for different pre-tensions.
depicts fabrics pre-tensioned at various levels and subjected to normal impact,
when stress in the fabric is maximum (i.e. magnified images of the fabrics pic-
tured in Fig.4.15). The stress scale is adjusted for clearer visualization of the
stress values in weft yarns; the images show that for a fabric subjected to a higher
pre-tension, the stress in weft yarns is larger.
However, excessive restraint of yarn mobility leads to premature failure of the
central warp yarns – due to degradation of their energy absorption capacity.
Lower yarn mobility also diminishes transfer of projectile kinetic energy to fabric
kinetic energy.
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Figure 4.19: Stress in the weft yarns for fabric subjected to various pre-tensions (impact
at 76m/s).
4.3.1.6 Summary
Pre-tension affects the fabric performance due to its influence on several pa-
rameters; it decreases the residual strain energy absorption capacity of yarns;
however, by constraining yarn movement, it promotes propagation of stress
through the fabric and hence the involvement of more yarns in the deformation
process, which enhances the fabric energy absorption. This is why the ballistic
limit increases over a certain pre-tension range. However, if pre-tension is exces-
sive, the residual yarn strain energy absorption capacity is reduced. Moreover,
increased pressure at yarn crossovers decreases yarn mobility and restrains the
ability to stretch. Hence, beyond a critical pre-tension value, the fabric energy
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absorption capacity drops.
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4.3.2 Influence of pre-tension on performance of fabrics
subjected to oblique impact
This section examines fabric response to projectile impact at angles varying
from 0 to 60 degrees; the effect of pre-tension is also analyzed and this study aims
at finding the main mechanisms governing fabric performance when subjected to
oblique impact, and how they are affected by pre-tension.
If a fabric is impacted obliquely, the projectile velocity can be decomposed
into a normal component (perpendicular to the fabric plane) and a tangential
component (parallel to the fabric plane). When obliquity increases, the normal
component diminishes while the tangential component increases. Since only the
normal component must be reduced to zero to prevent the projectile from pen-
etrating the fabric, a progressive increase in the ballistic limit with obliquity
should be expected. However, Shim et al. [20] conducted an experimental study
whereby woven fabric samples were impacted at angles varying from 0° (normal
impact) to 45°. They observed a decreasing-increasing trend in the ballistic limit
as the impact angle increased, whereby the ballistic limit first decreased with im-
pact angle, after which it increased. Their analysis showed that this trend arises
from competition between two main mechanisms: asymmetric stretching of yarns
(degrading fabric performance) and projectile sliding (enhancing energy absorp-
tion capacity). However, the limitations of their experimental setup (obliquity
ranging from zero to 45°) and absence of numerical modelling precluded confir-
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mation of this hypothesis.
Results of ballistic tests for normal impact in the present study show that pre-
tension affects the fabric via three primary aspects: (i) involvement of more yarns
in deformation (enhancing fabric performance), (ii) decreased residual stretching
capacity of the yarns as pre-tension increases (degrading fabric performance) and
(iii) constraint of yarn movement (which is positive for an initial range of pre-
tensions, beyond which it becomes detrimental). As pre-tension increases and
the impact angle varies from 0 to 60°, the fabric is affected by a combination of
these mechanisms, and this is now analyzed.
4.3.2.1 Influence of pre-tension and impact angle on ballistic limit;
projectile impact tests and simulation results
Figure 4.20: Influence of (a) pre-tension and (b) obliquity on the ballistic limit of woven
fabric (experiments).
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Fig.4.20 shows the evolution of ballistic limit with pre-tension and obliq-
uity respectively. Fig.4.20(a) indicates that, when pre-tension is increased, an
increasing-decreasing trend in the ballistic limit is observed for normal and
oblique impact. Fig.4.20(b) shows that for 45°and 60°, the ballistic limit is higher
than for normal impact (except for 45°, 4,000N pre-tension); it also shows that
for impact at 30°, the ballistic limit is decreased compared to normal impact,
similar to the results of Shim et al. [20]. Fig.4.20(a) indicates that the effect of
obliquity is amplified when pre-tension in the fabric is increased; the difference
between the ballistic limit value for 30°/45°/60° impact and normal impact is
larger for higher pre-tensions.
Fig.4.21 shows simulation results and Fig.4.22 compares simulation and ex-
perimental values of the ballistic limit, as well as the relative difference between
both. The results show that the simulations are able to capture the fabric be-
havior for a wide range of pre-tensions and angles. As with experiments, the
variation of ballistic limit with pre-tension has an increasing-decreasing profile;
compared to normal impact, the ballistic limit is higher for 45° and 60° angle
impact. Fig.4.21(b) shows that the ballistic limit values for 30° impact and
normal impact are very similar, but that contrary to experiments, the values for
30° impact angle are not lower than those at normal impact. Fig.4.22 shows
that this is due to underestimation of the ballistic limit values for normal impact
(by around 10%); however, for 30° and 45°, the simulation results are very close
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to experimental values.
Figure 4.21: Influence of (a) pre-tension and (b) obliquity on the ballistic limit of woven
fabric (simulation).
Underestimation of the ballistic limit for normal impact by simulations might
be due to exaggeration of fabric stiffness, because yarns are modelled as con-
tinua (although for single yarns, the model captures the behavior quite well);
the contacts forces at yarn crossover points might be unrealistically high in the
simulated fabric and thus generate greater stress concentration at the center of
the fabric compared to the actual situation. This prevents fuller utilization of
the strain energy absorption capacity in primary yarns.
It is also noted that the effect of pre-tension appears slightly less marked in
the simulations than in experiments; in particular, the ballistic limits at 100N
and 1,000N pre-tensions for 45° and 60° angle impact tend to be overestimated
by the simulations. This is also due to the homogenization of yarns as a contin-
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Figure 4.22: Comparison between experimental and numerical results for ballistic limit.
(a) normal impact, (b) 30°impact, (c) 45°impact, (d) 60°impact. The percentage indicates
the relative difference between both values.
uum, which artificially stiffens the fabric; indeed, although the model was able
to capture yarn pull-out and mobility at low pre-tensions, the projectile wedges
through an actual fabric subjected to oblique impact more easily compared to
simulations. In fabrics, the yarns, which are made of fibres, are more easily torn,
partially damaged, or split apart, facilitating projectile penetration without nec-
essarily breaking yarns. On the other hand, the numerical model idealizes each
yarn as a continuum without fibres, thus artificially elevating yarn integrity and
also increasing fabric stiffness, which causes the projectile trajectory to deviate
from its initial direction, instead of inducing fabric deflection.
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However, the mechanisms described in Fig.4.15, 4.17 and 4.18, and the quanti-
tative comparison in Fig.4.22, confirm that in all instances, the relative difference
between simulations and experiments is not large, and the model is able to sim-
ulate the range of experiments carried out.
The variation of the ballistic limit with pre-tension and impact obliquity is the
result of several mechanisms competing against each other; their contributions
and influence are now discussed.
4.3.2.2 Effect of impact angle on yarn stretching
Figure 4.23: Influence of obliquity on yarn stretching.
Shim et al. [20] suggested that because of friction between the projectile and
fabric during impact, the fabric is not stretched symmetrically. As Fig.4.23
shows, the left segment of the yarn experiences a larger strain than the right
segment, and therefore stores more strain energy. This induces a decrease in
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energy absorption capacity, since the fabric fails when its right segment has
not yet attained its maximum energy absorption capacity; this hypothesis was
proposed to account for the decrease in ballistic limit when the fabric is subjected
to oblique impact [20].
Figure 4.24: Stress distribution in the fabric when stress is maximum (a) profile view,
(b) exit face, (c) exit face with magnified stress scale for better visualization (impact at
45◦, 85m/s, 1,000N pre-tension).
To verify this proposition, impacts at various angles were simulated. Fig.4.24
shows images of a specimen impacted at 45° just before perforation, and illus-
trates the stress distribution in the specimen. The images confirm the asymmetry
between the left and right segments; higher stresses in the left (upper) segment
are obvious. This is confirmed in Fig.4.25, which depicts the average stress his-
tory in the 4 centermost yarns, for the left and right segments. The graph shows
that during impact, stress in the right segment of the fabric is always lower than
that in the left, confirming asymmetry of yarn stretching.
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Figure 4.25: Stress history for left and right segments of central warp yarn.
Figure 4.26: Fabric strain energy history for impact at different obliquities and respective
ballistic limits corresponding to 2000N pre-tension.
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This asymmetric stretching diminishes energy absorption of the fabric via
strain energy. Fig.4.26 compares the strain energy histories obtained from sim-
ulations for fabrics at 2,000N pre-tension, impacted at their respective ballistic
limits corresponding to different impact angles. The ballistic limit values are
stated in the legend, and the curves show that although the ballistic limit in-
creases significantly for high obliquities, the peak strain energy in the fabric is
still lower than that for normal impact. This confirms that when impact obliquity
increases, energy absorption through yarn strain decreases.
4.3.2.3 Evolution of asymmetric stretching with pre-tension
Fig.4.27 depicts an idealized stress-strain curve of both fabric sides; the fabric
fails when its strain reaches εf . However, when the fabric is subjected to oblique
impact, friction between the projectile and the yarns causes the fabric to fail
when the left side of the fabric reaches εf , while the right side of the fabric
is only stretched up to ε2, (lower than the fabric failure strain εf ); this limits
the total fabric absorption capacity (gray area on the graph). If the fabric pre-
tension is increased from ε0 to ε1, the remaining absorption capacity is reduced
to the hatched red area; in this case, the ratio between the left and right red
areas is higher than the ratio between the gray areas (lower pre-tension); the
effect of asymmetric stretching is more pronounced for higher pre-tensions, thus
weakening the fabric.
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Figure 4.27: Effect of pre-tension on asymmetric loading.
4.3.2.4 Evolution of peak force in the fabric with projectile impact
and role of projectile sliding
Fig.4.28 compares the peak transient force in the fabric during oblique impact
with the results for normal impact. The graph shows that when the impact
angle increases, the peak force becomes smaller, and this is consistent with the
fact that the effect of asymmetric stretching of yarns becomes more pronounced
with obliquity (i.e. the fabric is not stretched to its maximum strain energy
absorption capacity), thus resulting in a lower force in the fabric. It indicates
that energy absorption via yarn stretching (i.e. strain energy) is reduced when
obliquity increases. The graph also confirms that for a fixed angle, the maximum
peak force increases with pre-tension (similar to normal impact).
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Figure 4.28: Variation of maximum transient force in fabric with pre-tension.
However, Fig.4.22 indicates that compared to normal impact, the ballistic
limit is consistently higher when the fabric is impacted at 45° and 60°. Since
the ballistic limit for large impact obliquities (45° and 60°) is higher than that
for normal impact, energy must be absorbed by other mechanisms. As frictional
dissipation is such a mechanism, high speed images of the fabric impacted at
different impact angles were analyzed to provide an insight. Analysis of high
speed images and post-test samples shows that sliding of the projectile against
the fabric plays a key role in influencing fabric performance. Fig.4.29 depicts
high speed images of specimens impacted at various angles, and compares the
projectile position before impact (dashed red line) with its exit position (white
line). The images show that the projectile deviates more from its initial trajectory
as the angle of impact is increased.
180
CHAPTER 4. EFFECTS OF PRE-TENSION AND IMPACT ANGLE ON
PENETRATION RESISTANCE OF WOVEN FABRIC
Figure 4.29: Influence of impact angle on projectile sliding; images taken at 2,000N pre-
tension.
Observation of post-test specimens shows in Fig.4.30 that as obliquity in-
creases, sliding of the projectile against the fabric plane is more pronounced,
confirming what is observed in the high speed images. Sliding is essentially ab-
sent for an inclination of 30°, but becomes obvious for 45° and very significant
for 60°. Fig.4.30 also shows that during sliding, damage to the secondary yarns
becomes more pronounced; these yarns restrain the projectile and contribute to
its retardation.
The frictional energy dissipation history from simulations was analyzed. Fig.
4.31(a) depicts the results for impacts at the ballistic limit for different angles,
and a prescribed pre-tension of 2,000N; Fig.4.31(b) shows details of frictional
dissipation up to the point of fabric failure. The increase in frictional dissipation
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Figure 4.30: Comparison of projectile sliding for perforated specimens impacted at 30°,
45°and 60°.
Figure 4.31: Frictional energy dissipation with time for various impact angles (2,000N
pre-tension); (a) dissipation history, (b) magnification near the point of fabric failure.
after fabric failure is due to fabric vibration, and is not important to energy
absorption. The results show clearly that frictional dissipation increases with
impact angle, and that the initial slope is also higher; this confirms the greater
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involvement of friction; when impact angle increases, there is a shift in energy
absorption, from strain energy to frictional dissipation due to projectile sliding.
4.3.2.5 Influence of pre-tension on frictional dissipation and projec-
tile deviation
Fabric pre-tension exerts a similar effect on sliding as impact obliquity: a
higher pre-tension promotes projectile sliding against the fabric. This is mainly
due to the increased fabric stiffness with pre-tension; since a larger force must be
imposed by the projectile to deflect the fabric, it is more likely to slide against the
fabric. Fig.4.32 compares the projectile position for fabric targets pre-tensioned
to 100N (top) and 4,000N (bottom), impacted at 45° from the top. The projectile
trajectory is vertical and the white line indicates the position of the projectile for
the case of 100N pre-tension; the images show that when pre-tension is higher,
the projectile deviates more from its original trajectory.
Figure 4.32: Comparison of projectile slippage for 100N and 4000N pre-tension, (projectile
velocity at the ballistic limit).
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Figure 4.33: Comparison of damage and sliding on post-test fabric samples impacted at
45°.
Analysis of post-test samples in Fig.4.33 not only confirms a larger sliding
distance for higher pre-tensions, but also shows that damage in principal and
secondary yarns becomes much more significant. The damaged area is larger,
confirming the involvement of more yarns, and the crinkling of principal yarns,
indicated by the red arrows, is evidence that many more yarns are deformed.
The whitish color around the perforation point corresponds to severely damaged
areas, and for impact at obliquities greater than 45° and pre-tensions exceeding
2,000N, a burnt odour was generated after each test, indicating heat produced
by friction.
The frictional energy dissipation history for different pre-tensions was also an-
alyzed and depicted in Fig.4.34(a) and Fig.4.34(b), which confirm the increasing
degree of frictional dissipation with pre-tension, due to projectile sliding against
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the fabric. As with Fig.4.31, the increase in frictional dissipation after the fabric
has failed is due to fabric vibration and relative movement between yarns after
penetration, and is not relevant to impact energy absorption.
Figure 4.34: Evolution of frictional dissipation in a fabric inclined at 45° during im-
pact at its ballistic limit for different pre-tension levels; (a) dissipation history and (b)
magnification of region near fabric failure.
4.3.2.6 Effect of pre-tension for oblique impact
The effect of pre-tension for oblique impact is complex, since it can affect
the fabric performance both positively and negatively. It promotes projectile
sliding, due to the increase in fabric stiffness, and helps propagate deformation
through the fabric. However, when the fabric is subjected to oblique impact,
a higher pre-tension aggravates the fact that the fabric is not stretched to its
maximum capacity due to asymmetric stretching of the yarns. As with normal
impact, a higher pre-tension imposes greater constraints on yarn mobility, and
this promotes faster propagation of stress through the fabric, but excessive pre-
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tension can also cause premature yarn failure. These influences determine the
evolution of fabric performance with impact angle. For a 30° impact angle,
projectile slippage is almost negligible and varies little across all pre-tensions.
The strain energy absorption capacity of the fabric is decreased due to obliquity
(friction between the projectile and the fabric generates asymmetric stretching
of the yarns, whereby the fabric is not stretched to its full capacity), but a
30° angle is not large enough to generate significant projectile slippage, even
if the pre-tension is high. However, the component of the projectile velocity
normal to the fabric is decreased by obliquity, making perforation less likely. The
resistance enhancement (projectile sliding, smaller normal velocity component)
and resistance degradation (asymmetric stretching) mechanisms neutralise each
other, and as a consequence, the fabric response for 30° angle impact and normal
impact differ little.
However, when obliquity increases, projectile sliding becomes significant, lead-
ing to greater frictional dissipation. Increasing the angle exacerbates the fact
that the fabric is not stretched to its maximum capacity due to asymmetric
stretching, which degrades the fabric performance. However, this is largely over-
compensated by the fact that the projectile slides against the fabric. Enhance-
ment of the ballistic limit is also promoted because at high impact obliquities,
the velocity component normal to the fabric diminishes, while the tangential
component increases; to prevent a projectile from perforating the fabric, only
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the normal component needs to be neutralised.
Hence, when pre-tension and obliquity are both varied, the fabric responds via
complex coupled mechanisms, with different influences. Essentially the fabric
performance is governed by four factors:
i - number of yarns involved in the deformation process; a larger number
of yarns involved in energy absorption enhances ballistic resistance
ii - degree of yarn mobility – restraining yarn mobility stiffens the fabric
and promotes propagation of stress through the fabric; this also reduces
the transverse deflection. However, decreased yarn mobility diminishes
transference of projectile momentum
iii - strain energy absorption capacity of yarns – the higher this is, the
better the performance
iv - sliding of the projectile against the fabric, which retards the projectile
Pre-tension and obliquity exert their own specific influences on these factors,
either positively or negatively. Fig.4.35 summarizes how the main mechanisms
responsible for the fabric performance are affected by these two parameters, and
provides an overall understanding of how they govern fabric response to projectile
impact.
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Figure 4.35: Summary of influence of pre-tension and impact obliquity on fabric perfor-
mance.
4.4 Conclusion
An experimental study was undertaken to elicit the effect of pre-tension on
the ballistic performance of fabrics subjected to normal and oblique impact. An
experimental test setup, which enables pre-tensioning and inclination of fab-
ric specimens, was designed. It also enabled measurement of the in-plane force
experienced by the fabric during impact. To understand the mechanisms govern-
ing fabric response, a numerical model was developed and validated; the results
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matched experimental observations quantitatively and qualitatively and enabled
identification of various coupled mechanisms that influence fabric behaviour. The
experiments and simulations show that fabric performance is affected mainly by
four factors:
i - number of yarns involved in the deformation process, which is affected by
pre-tension in the fabric
ii - yarn mobility, which is constrained by pre-tension
iii - strain energy absorption capacity of the yarns, which diminishes with
obliquity or pre-tension
iv - sliding of the projectile against the fabric, which is associated with the
projectile tangential velocity component, and increases with impact obliq-
uity
Pre-tension diminishes yarn mobility and strain energy absorption capacity,
but increases the stiffness of the fabric and promotes propagation of stress
through the fabric, thus increasing the number of yarns involved in the deforma-
tion process. This enhances the ballistic limit for an initial range of pre-tensions;
thereafter, an increase in pre-tension beyond a critical value reduces the ballistic
limit.
Increasing impact obliquity affects the fabric energy absorption capacity via
two competing mechanisms: (i) deformation asymmetry in yarns, arising from
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frictional contact between the projectile and the fabric, causes earlier failure of
yarns; (ii) however, impact obliquity promotes sliding of the projectile against
the fabric, which retards the projectile.
In essence, the variation of ballistic limit with pre-tension and impact obliq-
uity is governed by the influences of several mechanisms, which either enhance
or degrade projectile penetration resistance. The experiments and simulations
show that their combined effects result in optimum cases of maximum ballistic
limit and energy absorption. Hence, these parameters should be considered in
designing protective systems involving high-strength fabrics.
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5.1 Introduction
The performance of woven fabric subjected to projectile impact encompasses
various aspects, which require specific characterization. The ballistic limit –
which is the critical speed at which a projectile perforates the fabric – is of
primary importance, and has been the focus of many investigations [17, 47, 59];
in the present study, an extensive examination on the influence of pre-tension on
the ballistic limit was undertaken and described in Chapter 4.
In addition, the behavior of the fabric subjected to impact at velocities higher
than its ballistic limit is also examined; projectile impact may occur at speeds
up to 103 m/s, and the deformation mechanisms governing the fabric response
for impact higher than the ballistic limit are not always similar to those affecting
the fabric at lower projectile velocities. To characterize fabric performance for
velocities exceeding the ballistic limit, the variation of energy absorbed by the
fabric with impact velocity [17, 29] is examined. The graph depicting the vari-
ation of energy absorbed with impact velocity (similar to Fig.5.3(a)) captures
several important features that characterise the fabric, such as the maximum
energy absorbed, and also an understanding of how variation of the initial con-
ditions affects the response. Previous reports have shown that the variation
of energy absorbed with impact velocity depicts a typical increasing-decreasing
pattern, whereby the energy absorbed by the fabric beyond the ballistic limit
first increases over a certain range, after which it starts decreasing [17, 77], re-
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sulting in a parabolic profile. As with the ballistic limit, the energy absorption
capacity of the fabric is influenced by several fabric parameters – e.g. inter-yarn
friction [59–61, 95] fabric density, yarn properties [47] – and external factors –
e.g. environment (moisture, light) [19, 54], impact angle of incidence [20] and
transverse pre-tension force [19,93].
This chapter builds on the previous chapters describing the ballistic test setup
and numerical model of the fabric, and elaborates on the effect of pre-tension
on the fabric response to projectile impact at velocities higher than its ballistic
limit. It is directed at three main aspects: (i) an explanation of the parabolic
profile of the evolution of energy absorbed by the fabric with impact velocity, (ii)
the effect of pre-tension on fabric performance and (iii) the role of longitudinal
and transverse wave speeds on fabric behavior and how pre-tension influences
wave speeds.
5.1.1 Experimental setup for projectile impact tests
The experimental setup is the same as the one described in Chapter 4. A
fixture is used to mount fabric specimens and impose a pre-tension force, which
is measured by strain gauges mounted on four supporting columns (see section
4.2. and Fig.4.1 and Fig.4.2 for details). As with previous tests, a 12mm diameter
6.95g spherical steel projectile is launched from a gas gun and the impact velocity
is measured using two laser photodiodes. During impact, the fabric specimen
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deformation is visually recorded by a high-speed camera operating at 43,200
frames/s and a shutter speed of 1/95,000s (or 1/120,000s for impacts at 280m/s
and above); appropriate illumination is used. As with earlier tests, a system
of mirrors facilitates observation of both the fabric side profile and exit view
simultaneously (see Fig.4.2 in Chapter 4). For the tests described in this section,
the projectile initial velocity is significantly higher than the ballistic limit, such
that it perforates the fabric and shatters the mirror sited behind the specimen
for observation of its exit face (Fig.5.1).
Figure 5.1: Example of mirror breakage after impact (impact at 191m/s for fabric pre-
tensioned at 4,000N).
As described in Chapter 4, the fabric specimens measure 400mm in the warp
direction and 140mm in the weft direction; the upper and lower portions are
wrapped around clamping rods leaving a final exposed area of 140x140mm which
corresponds approximately to 116x116 yarns.
The specimens are pre-tensioned in the warp direction, and two levels of ini-
tial pre-tension are applied – 500N, and 4,000N. To examine the variation of
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energy absorbed with impact velocity, the projectile impact velocities ranged
from 100m/s to 350m/s at intervals of ≈25m/s (i.e. 20 specimens were tested to
establish the energy-velocity curve); two specimens were tested at each velocity.
To calculate the energy absorbed by the fabric, the projectile initial and final
kinetic energies were measured and compared; the difference was assumed to be
entirely absorbed by the fabric.
5.1.2 Numerical model of fabric
The numerical model is the same as that introduced and validated in Chapter
4. The commercially-available explicit finite element code Abaqus® is used, and
the fabric is modeled as a plain weave of homogenized continuum yarns defined
by solid elements. To mimic the fabric samples, the model comprised 116x116
yarns, and the warp and weft yarns are similar in terms of crimp amplitude,
cross-sectional area and wave length. Contact interactions are defined according
to the results presented in Chapter 3 [93]), and follow a Coulombic law of friction,
which includes static and kinetic coefficients of friction:
µ = µk + (µs + µk)e−dγ˙ (5.1)
where µs and µk are respectively the static and kinetic friction coefficients, d is
the decay coefficient and γ the slip rate [91]. The parameters input into Abaqus
are those given in Chapter 3 i.e. µs=0.27 µk=0.16 and d=0.5.
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The constitutive model is also similar to that used in Chapter 4; a five-element
Prony series model (Fig.5.2) for the yarn behavior, and the parameters input to
Abaqus were obtained by fitting experimental results described in Chapter 2 (see
section 4.2.2.2 for details).
Figure 5.2: Five-element Prony series model used to model the yarns.
As there are no failure models for viscoelastic materials in Abaqus®, a subrou-
tine with a stress-based criterion is implemented. The details of the algorithm
are given in Appendix D.
5.2 Experimental and numerical results
5.2.1 Influence of pre-tension on fabric energy absorption
capacity
5.2.1.1 Projectile impact test results
Fig.5.3 depicts the evolution of the energy absorbed by the fabric with projec-
tile impact velocity for specimens pre-tensioned at 500N and 4,000N pre-tension.
It is defined by the difference between the projectile initial and final kinetic en-
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ergy. The energy absorbed increases with projectile speed for an initial range
before it reaches a maximum and drops thereafter. The variation of energy ab-
sorbed with impact velocity consequently has a parabolic profile; this profile has
been observed in previous studies [95], but the mechanisms responsible for this
increasing-decreasing behavior have not yet been clarified.
Figure 5.3: Variation of energy absorbed with impact velocity ; (a) 500N pre-tension, (b)
4,000N pre-tension (c) comparison of polynomial fits.
Fig.5.3 shows that fabrics subjected to higher pre-tension absorb more energy
at impact velocities just beyond their ballistic limits. This is consistent with
the results presented in Chapter 4, which show that the fabric ballistic limit is
enhanced when pre-tension is increased. However, the results also show that
the impact velocity for maximum energy absorption is lower for a higher pre-
tension, and that the maximum energy absorbed is smaller for 4,000N pre-tension
compared to 500N pre-tension. Fig.5.3(c) shows that beyond a certain impact
velocity, the fabric with lower pre-tension becomes more efficient in absorbing
the projectile kinetic energy.
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One approach to understanding the effect of pre-tension on fabric performance
is to compare the difference between the projectile impact and residual velocity.
Fig.5.4 shows the reduction in speed (i.e. difference between impact and residual
velocity) for impact on targets subjected to 500N and 4,000N pre-tensions. It
shows that when the impact velocity is lower than 170m/s, the change in velocity
for fabric pre-tensioned at 4,000N is larger, but at speeds significantly higher than
the ballistic limit, the fabric with a higher pre-tension becomes less able to absorb
energy.
Figure 5.4: Variation of projectile velocity loss with impact velocity (a) 500N pre-tension
(b) 4,000N pre-tension and (c) comparison between linear fits.
5.2.1.2 Simulation results
Simulations of projectile impact for various fabric pre-tensions were under-
taken. They included the experimental pre-tensions of 500N and 4,000N, as well
as 1,000N and 2,000N to provide more information; the input velocity was also
varied from 100m/s to 340m/s at 20m/s increments. Fig.5.5 shows the evolution
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of energy absorbed with impact velocity; the results for different pre-tensions are
compared. The parabolic profiles of the curves are evident and simulations con-
firm that fabrics subjected to higher pre-tension absorb less energy than those
with lower pre-tension for velocities beyond the ballistic limit. The graph shows
that for projectile velocities close to the ballistic limit, fabrics subjected to a
higher pre-tension are more efficient, but for higher impact velocities, fabrics
with lower pre-tension absorb more energy. Simulations also show that the max-
imum energy absorbed (highlighted by a red ”+”) over the range of velocities
decreases monotonously with pre-tension.
Figure 5.5: Variation of (a) energy absorbed and (b) projectile velocity loss with impact
velocity for different pre-tensions.
The results presented in Chapter 4, showed that the ballistic limit is improved
over a certain range of pre-tension, and there is a point beyond which the ballistic
limit drops. On the contrary, according to the current simulations, pre-tension
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appears to degrade the maximum energy absorption capacity of the fabric. This
critical impact velocity corresponding to the peak energy absorbed also decreases
for higher pre-tensions, as with experiments. Fig.5.5(b) shows the variation of
the difference between impact and residual velocity with impact velocity, for
500N, 1,000N, 2,000N and 4,000N pre-tensions. As with experiments, the curves
show that the reduction in projectile velocity is smaller for fabrics subjected to
higher pre-tensions.
5.2.2 Propagation of transverse wave speed
Fig.5.6 compares the evolution of fabric deformation for two fabrics impacted
at approximately the same velocity – 161m/s and 154m/s for 500N and 4,000N
pre-tensions respectively. The images show that a higher pre-tension constrains
fabric deflection in the out-of-plane direction and enhances propagation of trans-
verse deflection to the rest of the fabric. Propagation of the transverse wave to
the fabric edges occurs within a shorter time for 4,000N pre-tension, confirming
more rapid propagation of stress to secondary yarns. As expected, the maxi-
mum fabric deflection at failure is lower for a higher pre-tension, similar to the
observations presented in chapter 4; however, as highlighted in Section 5.2.5,
for the velocity range presented in this chapter, restraining transverse deflection
degrades fabric performance in terms of energy absorption.
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Figure 5.6: Comparison of deformation evolution for 500N and 4000N pre-tension.
Fig.5.7 compares simulation results for propagation of transverse deflection
before failure, for 500N and 4,000N pre-tension. They confirm the observations
from high-speed images: for 4,000N pre-tension, the transverse wave propagates
toward the clamped edges faster, such that failure occurs earlier than for 500N
pre-tension. The maximum deflection at failure is lower (19.7mm vs. 25.7mm)
for 4,000N pre-tension.
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Figure 5.7: Propagation of transverse wave for impact at 160m/s; comparison between
500N and 4,000N pre-tension.
5.2.3 Dynamic force in the fabric and strain energy
Fig.5.4 shows that for all pre-tensions, the energy absorbed by the fabric in-
creases for an initial impact velocity range, then drops for very high velocities.
This parabolic profile is explained in the following section.
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Fig.4.2 in Chapter 4 shows that the frame used to mount the fabric specimens
incorporates strain gauges mounted on four columns, which measure the transient
force in the fabric during impact (Fig.4.4 in Chapter 4). This force is recorded
and facilitates determination of stress in the fabric.
The force in the fabric is related to the amount of strain energy in the yarns,
which is the primary energy absorption mechanism. Fig.5.8(a) shows the varia-
tion of the peak force with impact velocity for a pre-tension at 500N; the variation
of energy absorbed with impact velocity is also plotted (Fig.5.8(b)).
Figure 5.8: Variation of (a) peak force and (b) energy absorbed with impact velocity for
500N pre-tension.
There are two main characteristics observed:
i - Unlike the variation of energy absorbed with impact velocity, which dis-
plays a parabolic increasing-decreasing profile, the peak force in the fabric is
relatively constant until a critical impact velocity, after which it decreases
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significantly. This suggests that although the total energy absorbed in-
creases, the amount absorbed via fabric strain energy (which is related to
the dynamic force in the fabric) does not change significantly – i.e. for
impacts between 110 and 220m/s, the fabric is stretched to the maximum
allowable force in the fabric, with similar modes of deformation, regardless
of projectile impact velocity;
ii - The drop in energy absorbed correlates approximately with the decreases
in peak force; a lower peak force suggests that fewer yarns are stretched to
their maximum capacity, and contribute to energy absorption before failure
Fig.5.9, compares images of the fabric when failure occurs for specimens im-
pacted at 161m/s and 327m/s for a pre-tension of 500N. It shows that if the
impact velocity is sufficiently high, the transverse deformation (and hence prop-
agation to secondary yarns) does not have time to propagate to the clamped edges
before the fabric fails. As a consequence, only a few yarns are stretched and the
total dynamic force (the sum of the forces in each clamped yarn) is smaller. The
images show that at 161m/s, the fabric is fully deformed, because deformation
has spread to the clamped edges, the transverse deflection is relatively large and
secondary yarns contribute to the absorption of energy. In contrast, for impact
at 327m/s, the transverse wave did not propagate to the edges when the speci-
men fails. Hence, the projectile penetrates the fabric before deformation spreads
significantly to secondary yarns and essentially, only primary yarns are stretched
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to the point of failure; this reduces the energy absorbed. These observations are
consistent with that of Parsons et al. [17], and Zeng et al. [77] who also observed
early failure if the impact velocity is sufficiently high.
Figure 5.9: Comparison between fabric deformation at failure for impact velocity of (a)
161m/s and (b) 327m/s. (pre-tension of 500N).
The simulations also reveal different deformation patterns for low and high
impact velocities, similar to what is observed in experiments. Fig.5.10 shows that
if the impact velocity is around the ballistic limit (120m/s), deformation spreads
to secondary yarns before the projectile perforates the fabric, and therefore a
larger area of the fabric contributes to energy absorption; however, if the impact
velocity is sufficiently high, the transverse wave does not have time to propagate
far before the projectile perforates the fabric, and deformation has not spread to
secondary yarns.
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Figure 5.10: Comparison between fabric deformation at failure for initial velocity of (a)
120m/s and (b) 300m/s. (Fabric pre-tension at 500N).
The relatively constant dynamic force in Fig.5.8(a) suggests that the increase
in energy absorbed by the fabric for an initial range of impact velocities beyond
the ballistic limit is not associated with fabric strain energy. To validate this
hypothesis and identify the reason for this, the strain energy history was ex-
tracted from simulations of a fabric pre-tensioned at 500N, for impact velocities
from 100m/s to 240m/s (Fig.5.11). The strain energy-time histories confirm that
the maximum strain energy in the fabric (which corresponds to fabric failure)
from 100m/s to 200m/s is approximately constant around 18J, and then drops
significantly for projectile speeds above 200 m/s. This correlates with the rel-
atively constant peak force observed in experiments, because strain energy and
total force in the fabric are both associated with the same mechanism – i.e. yarn
stretching.
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Figure 5.11: (a) Strain energy history; (b) Kinetic energy history and (c) comparison
between strain energy and kinetic energy when fabric fails, for 500N pre-tension.
However, the kinetic energy histories in Fig.5.11(b) show that the kinetic en-
ergy in the fabric increases significantly with impact velocity. It is very small for
impact at 100m/s, but becomes significant when the impact velocity increases,
such that for impact at 200m/s, the peak kinetic energy is around 30J. This
is also evident in Fig.5.11(c), which compares strain energy and kinetic energy
when failure occurs; it confirms that although relatively negligible at impact ve-
locities just beyond the ballistic limit, the kinetic energy becomes dominant in
energy absorption and is responsible for the increase in energy absorbed. The
kinetic energy in the fabric essentially comes from the transfer of momentum
from the projectile, and it has been highlighted that it is relatively insignificant
for studies focusing on the ballistic limit velocity range [14, 20]. In the present
study, Chapter 4 also confirmed that kinetic energy is not a dominant mech-
anism for energy absorption within the ballistic limit range. This analysis of
impacts exceeding the ballistic limit shows that kinetic energy becomes signifi-
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cant when the projectile kinetic energy is large compared to the maximum energy
absorption capacity of the fabric before perforation (i.e. impact energy at the
ballistic limit). This transfer of projectile to fabric kinetic energy has not been
examined before, and is the main cause of the parabolic profile of the variation
of energy absorbed with impact velocity. Simulation results also show that the
maximum energy absorbed by the fabric occurs at an impact velocity of 200m/s.
At this speed,Fig.5.11(c) shows that the fabric strain energy at failure decreases
at higher impact velocities, but is complemented by significant kinetic energy.
However, at 225m/s, the energy absorbed by the fabric also drops, because the
fabric fails before deformation has spread significantly to secondary yarns, and
hence a smaller portion of the fabric is displaced.
5.2.4 Influence of pre-tension on energy absorption ca-
pacity
In the preceding section, it was shown that the increase in energy absorbed
by the fabric for impacts at velocities higher than the ballistic limit is mainly
due to transfer of momentum from the projectile to the fabric. The influence of
pre-tension on energy absorption capacity is now examined. The fabric behavior
at 4,000N pre-tension is examined and Fig.5.12 compares curves showing (a) the
relationship between peak force in the fabric and impact velocity and (b) the
variation of energy absorbed with impact velocity, for a pre-tension of 4,000N,
to understand the effect of pre-tension on the deformation mechanisms. As with
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the 500N pre-tension case, the results show that, unlike the energy absorbed,
the peak force is relatively constant when the impact velocity initially increases.
This confirms the results for the 500N pre-tension case, that yarn deformation
within this speed range is relatively independent of impact velocity.
Figure 5.12: Variation of (a) peak force in the fabric and (b) energy absorbed with impact
velocity for 4000N pre-tension
Fig.5.3 shows that for impact at 100m/s, fabrics with a higher pre-tension
absorb more energy; Fig.5.6 shows that pre-tension promotes the propagation of
strain to secondary yarns. Hence, it may be unexpected that at higher impact
velocities, a larger pre-tension would reduce the energy absorption capacity of
the fabric.
Simulations of impacts for 4,000N pre-tension provide insights to resolve this
apparent contradiction. Fig.5.13 compares the strain and kinetic energy histories
for impacts ranging from 100m/s to 220m/s (for a 4,000N pre-tension). The
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trend is similar to that in Fig.5.11 for 500N pre-tension, whereby the maximum
strain energy is relatively constant, whereas the kinetic energy at failure increases
progressively (Fig.5.13(c)).
Figure 5.13: Simulation results for kinetic and strain energy in fabric for different impact
velocities (4000N pre-tension).
However, with regard to the influence of pre-tension, the results show that:
i - kinetic energy for 4,000N pre-tension is consistently lower than that for
500N pre-tension over the whole range of impact velocities; this indicates
that the constraints exerted on the fabric by pre-tension (Fig.5.6 - 5.7)
prevents it from deflecting freely, and as a consequence, a smaller amount
of momentum is transferred from the projectile to the fabric
ii - The decrease in kinetic and strain energy occurs at a lower impact velocity
for 4,000N pre-tension compared to 500N pre-tension. It shows that not
only does a higher pre-tension prevents the fabric from acquiring significant
kinetic energy, it also promotes failure by restraining yarn movement; this
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confirms the experimental results which show that the energy absorbed
decreases at a lower impact velocity for 4,000N pre-tension compared to
500N pre-tension
To facilitate further analysis and verify that these results are not specific to
these pre-tensions, simulations for 1,000N and 2,000N pre-tensions were also
undertaken; strain energy and kinetic energy histories are shown in Fig.5.14 and
Fig.5.15 respectively. They confirm that with a higher pre-tension, the decrease
in kinetic and strain energy occurs at a lower impact velocity. It also confirms
that the fabric kinetic energy is smaller when pre-tension is higher, due to the
greater constraints exerted on the fabric. The results for the fabric strain and
kinetic energies confirm two phenomena:
• Fabrics subjected to lower pre-tensions are able to absorb energy via fabric
strain energy for a larger impact velocity range compared to fabrics sub-
jected to higher pre-tensions – i.e. the drop in maximum strain energy
absorbed occurs at a lower impact velocity for fabrics subjected to higher
pre-tension
• The kinetic energy of the fabric reduces with pre-tension, because fabric
movement and hence transfer of projectile momentum is more limited
It confirms that although pre-tension can increase the ballistic limit of fabrics
(discussed in chapter 4), it is not an efficient means of increasing energy absorp-
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Figure 5.14: Simulation of strain and kinetic energy histories for different impact speeds
for 1000N pre-tension.
Figure 5.15: Simulation of strain and kinetic energy histories for 2000N pre-tension.
tion capacity for higher impact speed, since it limits the increasingly dominant
mechanism of energy transfer – to fabric kinetic energy.
In summary, increasing pre-tension enhances ballistic resistance for impact ve-
locities around the ballistic limit (as depicted in Fig.4.3 and discussed in Chapter
4), due to increase in the transverse wave speed and better stress transmission to
neighboring yarns. Its influence at high impact velocities exceeding the ballistic
limit is less significant, since restraining yarn movement affects both the abil-
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ity to gain kinetic energy from the projectile, and promotes earlier failure, thus
hindering propagation of deformation through the fabric to increase the area of
deformation.
5.3 Effect of pre-tension on propagation of stress
5.3.1 Variation of transverse wave speed with impact ve-
locity
The transverse wave speed in single yarns or fibres subjected to transverse im-
pact has been studied by researchers through experiments [31], theory [31,96] and
simulations [16,97], but the transverse wave speed in a fabric and its dependence
on impact velocity or parameters such as pre-tension remain unclear. Studies
suggest that when impacted by a projectile, the yarn transverse wave speed in-
creases with impact velocity. Song et al. [31] determined through analysis that








i.e. cs ∼ V 2/30 where cs is the transverse wave speed, Cl the longitudinal sound
speed and V0 the impact velocity. Their results show an almost linear relationship
between projectile velocity and transverse wave speed in the yarn.
In the present study, the transverse wave speed along the clamped direction
was analyzed via simulations and experiments. Since impact occurs in the mid-
point, the propagation of deformation is essentially symmetric for normal impact
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(difference between lower and upper sections of the fabric is minimal) and hence
results for only one side of the fabric are examined. Fig.5.16 shows a typical
transverse wave front history, for both simulations and experiments. In both
cases, the variation of wave front position with time does not exhibit an exact
linear trend; there is a slower propagation phase at the beginning of impact (blue
portion on the graph) followed by a more rapid propagation phase (red portion
on the graph). The transverse wave speed is related directly to tension in a yarn,
whereby higher tension results in faster wave propagation. When the fabric
is impacted, primary yarns deflect in the out-of-plane direction; each crossover
between weft and warp yarns restrains in-plane movement of primary yarns due
to frictional contact; this increases the tension in yarns, and consequently the
transverse wave speed.
Figure 5.16: Calculation of wave speed based on wave front position from (a) experiment
(500N pre-tension - V0 = 164m/s) and (b) simulation (500N pre-tension - V0 = 160m/s).
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When the impact velocity is sufficiently high, the projectile perforates the fab-
ric before the transverse wave reaches the edges of the specimen. Consequently,
to determine the transverse wave speed for each impact velocity, the lower por-
tion of the curve in Fig.5.16 (phase 1) was considered, because at sufficiently high
impact velocities, the fabric is perforated before the second phase commences –
i.e. the fabric is perforated before the transverse wave has propagated to the
edges, as shown in Fig.5.17, where the curves for higher speeds terminate be-
fore 70mm, which defines the specimen edge. Fig.5.17 shows the history of wave
front position for a fabric pre-tensioned at 500N and subjected to impact at
various velocities; the figure compares experimental (Fig.5.17(a)) and simulation
(Fig.5.17(b)) results, which exhibit similar profiles.
Figure 5.17: Evolution of transverse wave position from (a) experiment high speed images
and (b) simulations.
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These data were also obtained for fabric pre-tensioned at 1,000N, 2,000N (sim-
ulation) and 4,000N (simulation and experiment). From this, the transverse wave
speed for each simulation or experimental test was deduced, and Fig.5.18, 5.19
show the variation of transverse wave speed with impact velocity. They show
that from both experiments and simulations, the transverse wave speed follows
an approximately linear trend with impact velocity, across all pre-tension values.
Figure 5.18: Variation of wave speed with impact velocity for 500N pre-tension; (a)
simulations and (b) experiments.
Fig.5.20 compares the simulation results for 500N, 1,000N, 2,000N and 4,000N;
it shows that the transverse wave speed is higher for all impact velocities when
pre-tension is increased, confirming the positive effect of pre-tension on wave
speed; this also confirms previous observations from high-speed images. The
graphs show that the transverse wave speed does increase linearly with impact
velocity; this has similarities with the results of Song et al. [31] for yarns, which
states that the wave speed increases with impact velocity, but non linearly.
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Figure 5.19: Variation of wave speed with impact velocity for 4,000N pre-tension; (a)
simulations and (b) experiments.
Figure 5.20: Comparison of variation of wave speed with impact velocity for different
pre-tensions (simulations).
5.3.2 Effect of pre-tension on stress non-uniformity
Fig.5.21 shows high-speed images of fabric deformation for normal impacts
within the high velocity range where the fabric maximum strain energy does
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not increase with impact velocity, because the fabric fails before the transverse
deflection reaches the specimen edges. The transverse wave propagation is faster
for 4,000N pre-tension compared to 500N pre-tension, but failure occurs after a
shorter time; the fabric transverse deflection at failure is also lower for a 4,000N
pre-tension.
Figure 5.21: Fabric failure for impact at low and high pre-tensions. (At sufficiently high
impact speeds, strain does not have time to propagate to edges).
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To identify the mechanisms which lead to early failure of the fabric when
subjected to sufficiently fast impacts, and the influence of pre-tension on these
mechanisms, the stress history was analyzed using simulation. The stress his-
tories in the two yarns nearest to the center – i.e. yarns in direct contact with
the projectile – were extracted from two yarn elements – where the projectile
strikes the fabric, and at the clamped edges. These stress values obtained from
elements in the two yarns were averaged to obtain the average stress history
in (i) the centre of the primary yarns and (ii) the edges of the primary yarns.
Two impact speeds were considered, one around the ballistic limit and one much
higher. Fig.5.22 (1,000N pre-tension) and Fig.5.23 (4,000N pre-tension) show
that for the time scales in this study (∼ 10−4s), the time for propagation of
the longitudinal wave from the centre to the edges is non-negligible. Fig.5.22
shows results for pre-tension of 1,000N; there is a difference between the instants
the stress becomes non-zero at the center and at the edges. The difference is
approximately 5.0 µs for impact at 120 m/s and 4.5 µs for impact at 300 m/s,
showing that a faster impact velocity leads to a higher strain rate and thus a
faster longitudinal wave speed. This is consistent with the fact that the yarns are
modeled as rate dependent and hence their stiffness increases with strain rate.
Fig.5.22(a) shows that for an impact at 120m/s, i.e. relatively close to the
ballistic limit, the time difference in stress commencement does not affect stress
uniformity in primary yarns significantly, as the stress history for the center
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is quite similar to that at the clamped edge of the yarn. This indicates that
for impact velocities close to the ballistic limit, the longitudinal wave does not
significantly influence the results. However, for impact at 300 m/s (Fig.5.22(b)),
a shorter difference in stress commencement times actually leads to a notable
difference in stress, as the stress at the center of the primary yarns has already
reached 1400MPa when the longitudinal wave just arrives at the edges. In such
a case, the stress sustained by mid-span of the yarns is very high, although the
fabric transverse deflection is still small; hence, stress has still not propagated
much to secondary yarns when failure occurs and as a result, the energy absorbed
by the fabric is very small when the projectile perforates the fabric. The primary
yarns fail before significant transmission of deformation to neighbouring yarns;
this considerably diminishes the fabric energy absorption capacity because only
the yarns in direct contact with the projectile deform to the point of failure.
Figure 5.22: Stress histories at center and edge of primary yarns for 120 m/s and 300
m/s impact at 1,000N pre-tension.
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A similar analysis was done for fabric pre-tensioned at 4,000N, to understand
the influence of pre-tension on fabric behavior when impacted at high velocities.
Fig.5.23 shows the stress histories for the mid-point and clamped end of the two
centermost yarns (average value between the two yarns is considered), similar
to that for the 1,000N pre-tension case. The graphs show that the fabric pre-
tensioned at 4,000N exhibits behaviour similar to the one subjected to 1,000N
pre-tension; there is a notable delay between the stress increase at the mid-span
and at the edge of the yarn. As with the 1,000N pre-tension case, this time
difference does not affect stress uniformity significantly for impact at 120m/s,
as both stress histories (center and edge) display similar profiles. However, for
impact at 300m/s, the difference is sufficient to generate a significant difference
in stress between the mid-span and the yarn edge. More specifically, stress at
the mid-span is already at 1700 MPa when the longitudinal wave reaches the
edge; this is even larger than in the case of 1,000N pre-tension. It confirms that
the higher yarn stiffness caused by pre-tension makes it more sensitive to impact
velocity, due to the increase of non-uniformity in yarns.
Fig.5.24 compares the stress histories at the yarn mid-span for 1,000N and
4,000N pre-tension. Both curves have similar profiles, but the higher pre-tension
induces earlier failure. Hence, although a higher pre-tension promotes propaga-
tion of stress through the fabric, the higher sensitivity of primary yarns to impact
– a more rapid stress increase at the point of impact – leads to earlier failure
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Figure 5.23: Stress histories at center and edge of primary yarns for 120 m/s and 300
m/s impact at 4,000N pre-tension.
since there is less time for stress to propagate to other parts of the fabric. The
two mechanisms compete with each other and beyond a certain impact velocity,
negative effect of a higher pre-tension becomes dominant.
Figure 5.24: Stress histories at center of primary yarns for 300 m/s impact at 1,000N and
4,000N pre-tension.
222
CHAPTER 5. EFFECT OF PRE-TENSION ON FABRIC ENERGY
ABSORPTION CAPACITY
The analysis shows that propagation of the longitudinal wave influences the
fabric response, and weakens the fabric by causing stress non-uniformity in the
primary yarns. It also confirms that when impact velocity is sufficiently high,
failure becomes highly localized. In this case, the fabric’s ability to arrest the
projectile depends essentially on the strength of the primary yarns, since all
other secondary energy absorption mechanisms (propagation of deformation to
the secondary yarns, friction, etc.) do not have sufficient time to contribute to
energy dissipation before the fabric is penetrated.
5.4 Conclusion
The effect of pre-tension on fabric response to projectile impact, at speeds
ranging from 100m/s to 350m/s, i.e. higher than the ballistic limit, was exam-
ined. Fabric specimens were impacted by a spherical projectile at various speeds
and the variation of energy absorbed with impact velocity was studied for fabrics
pre-tensioned at 500N and 4,000N. In parallel, the numerical model developed
and described in Chapter 4, was used to simulate impact at various velocities
exceeding the ballistic limit on a fabric subjected to 500N, 1,000N, 2,000N and
4,000N pre-tension for more comprehensive analysis.
The results show that the variation of energy absorbed with impact velocity
follow a parabolic profile; the energy absorbed increases for an initial impact
velocity range, then drops for very high velocities. Simulations show that when
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energy absorbed by the fabric increases, it is mainly due to an increase in its
kinetic energy (i.e. the strain energy component remains relatively constant),
contrary to what happens when the projectile velocity is close to the ballistic
limit, where yarn strain energy is the main form of energy absorption. Results
also show that for impact at high speeds, fabrics subjected to a higher pre-tension
display a degraded performance because their mobility is restrained; they are
not able to absorb as much the projectile kinetic energy compared to lower pre-
tensions. This contrasts with the results presented in Chapter 4, which state
that pre-tension had a positive influence on the ballistic limit. Hence, although
pre-tension improves fabric performance at impact speeds close to the ballistic
limit, it exerts a negative effect at higher speeds.
The variation of transverse wave speed with impact velocity was investigated
both experimentally and via simulations, and the effect of pre-tension on trans-
verse wave speed was also examined. Results show that the transverse wave
speed appears to increase almost linearly with impact velocity, and that fabrics
subjected to greater pre-tensions exhibit higher transverse wave speed.
There is a critical speed beyond which the fabric fails before the transverse
wave propagates to the fabric edges; this is a result of non-uniform stress in
the yarn associated with the time required for the longitudinal wave to travel
from the point of impact to the fabric edge. As a result, the fabric performance
depends primarily on the strength of the primary yarns because all other en-
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ergy absorption mechanisms – number of yarns deformed, yarn mobility, sliding,
etc. – are essentially minimal. In such situations, a high pre-tension has little
effect on fabric performance as it only promotes early yarn failure by increas-
ing fabric rigidity. For impact velocities exceeding the range near the ballistic
limit, increasing pre-tension does not enhance energy absorption. However, it
contributes to decreasing transverse deflection.
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6.1 Aim of research and achievements
Aramid fibres possess high strength and stiffness, low density and good energy
absorption capacities; hence they are used in high-strength fabrics and yarns for
dynamic loading applications. This work is directed at understanding the re-
sponse of TwaronÂő fabric to impact penetration by a spherical projectile. The
literature review described in the first chapter shows that although investigation
into the mechanisms governing fabric performance is essential, such studies are
challenging in terms of eliciting fabric properties, such as the mechanical be-
haviour of constituent yarns, or their frictional properties. This is particularly
so because of the complex multi-scale structure of woven fabrics.
Hence, the first part of this effort addresses the challenges associated with
characterization of fabric characteristics, via a systematic study of the mechanical
properties of constituent yarns and inter-yarn friction properties. This included
the (i) development of a new testing method for examination of the mechanical
properties of constituent yarns loaded at various strain rates, (ii) identification
of the influence of weaving on yarn mechanical properties and (iii) development
of a new test procedure to assess fabric internal friction properties, such as the
inter-yarn coefficient of friction âĂŞ i.e. the constraints on yarn mobility within
a fabric.
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The results obtained from these experiments facilitated the establishment of an
appropriate numerical model of the fabric, to identify the mechanisms governing
fabric performance under projectile impact for different initial conditions, such as
(i) pre-tension in the fabric, (ii) angle of impact and (iii) impact velocity. Projec-
tile impact tests enabled identification of the main mechanisms governing fabric
performance, and how they are affected by the initial conditions. The defor-
mation mechanisms were also analyzed by the numerical model, which enabled
explanation of the observations and substantiate hypotheses based on experi-
ments; the simulations also resulted in identification of other energy absorption
mechanisms.
The study undertaken provided new insights into the dynamic behaviour of
high-strength fabrics. New experimental and computational techniques and pro-
tocols have been developed for dynamic testing of flexible materials, and the
deformation mechanisms observed have been analysed and accounted for. The
response of woven fabrics subjected to different impact conditions has been clar-
ified, providing a greater grasp of the mechanisms responsible for fabric perfor-
mance.
6.2 Summary of the work done
Chapter 2 described the influence of weaving on the mechanical response
of aramid yarns. The quasi-static and dynamic properties of virgin T1040
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Twaron® yarns and their woven counterparts, extracted from plain-woven T717
Twaron® fabric, were characterized and compared, to examine the effect of the
weaving process. In particular, the phenomenon of yarn uncrimping was exam-
ined. A new clamping fixture was designed, to attach yarn specimens to Split
Hopkinson bars for dynamic tests. High-speed photography was employed to
observe deformation and failure, and to measure specimen strain. Experimental
results showed that virgin and woven yarns exhibit similar rate sensitivity – an
increase in strain rate makes them both stiffer, increases their tensile strength,
and decreases the failure strain. Virgin yarns possess a lower failure strain com-
pared to woven yarns, but a higher strength and stiffness. Observation of broken
fibres shows this may be due to the damage of the fibre during the weaving pro-
cess, which affects cohesion of the fibrils at the micro-level. Consequently, the
yarn strength and stiffness are degraded, and this decreases the overall energy
absorption capacity. The results show that weaving affects the yarn properties,
and confirm the importance of accurate yarn characterization in order to provide
correct values of parameters for computational modelling of fabric.
The fabric frictional properties were also characterized via pull-out tests, de-
scribed in Chapter 3. With increasing usage of woven fabrics in various applica-
tions, an understanding of inter-yarn friction is useful for effective employment of
such fabrics. Although the yarn pull-out test is a recognized method to ascertain
yarn mobility within a weave, the physics governing yarn pull-out had not pre-
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viously been examined in detail, partly because previous finite element models
were unable to reproduce the results of yarn pull-out tests. Consequently, fabric
response was not yet well understood in terms of the influence of inter-yarn fric-
tion. The work undertaken provided insights into this via establishment of a new
yarn pull-out test procedure, which involves in-plane and out-of-plane pull-out;
the latter is relevant to projectile penetration of fabric, during which yarns are
often pulled out of the fabric plane. Pre-tension was also applied to fabric spec-
imens, and its influence on the response analyzed. A finite element model was
then developed to simulate yarn pull-out tests. To define inter-yarn friction, a
Coulombic description that considers both static and kinetic friction, was imple-
mented. The numerical model is able to simulate both in-plane and out-of-plane
yarn pull-out, is experimentally validated, and used to identify mechanisms that
restrain yarn mobility during yarn pull-out, and how pre-tension affects them.
Localized fluctuations in the experimental force-displacement curves are captured
by the simulation, and found to be caused by periodic alteration of the original
crimped yarn profile during pull-out. Simulation results also show that most
of the energy is dissipated by friction during yarn pull-out, and that the fabric
stores strain energy. Pre-tension has a significant influence on both frictional
energy dissipation, and strain energy in the fabric, whereby higher pre-tension
results in greater friction between the pulled yarn and its transverse neighbours
and hence increased energy dissipation during pull-out. Moreover, increasing
pre-tension results in larger maximum stress in the pulled yarn, indicating that
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excessive restraint of yarn mobility may result in premature yarn failure, because
the pulled yarn ultimate tensile strength could be reached before attainment of
the peak pull-out force.
The results presented in Chapter 2 and 3 constitute the essential fabric prop-
erties necessary to model fabric accurately: (i) the mechanical properties of
constituent yarns and (ii) fabric frictional properties – i.e. coefficient of friction
between the yarns.
Based on these results, Chapter 4 described an investigation into the mech-
anisms governing fabric resistance to projectile impact. High-strength woven
fabrics made of polymeric yarns are widely used for protection against projectile
impact, but their response is complex, due to their woven architecture and the
rate-dependent behavior of their constituent yarns. The effect of pre-tension on
a woven fabric subjected to normal and oblique impact was studied, whereby a
new experimental setup was designed to facilitate application of pre-tension and
inclination of specimens. The fabric performance in terms of its ballistic limit
was examined; the transient in-plane force experienced by the fabric during im-
pact was also examined. Fabric samples were subjected to different pre-tensions
and impact angles and their effect on the ballistic limit was analyzed. In parallel,
a numerical model was developed based on the results in Chapter 3; it incorpo-
rated the geometrical features of the fabric and takes into consideration yarn rate
dependence. The prediction matches with experiments relatively well, and pro-
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vides a greater understanding of the mechanisms determining fabric behaviour,
and how pre-tension and impact obliquity influence them. The results show that
the fabric response is governed by four main mechanisms, all of them affected
differently by pre-tension and impact angle: (i) number of yarns deformed; (ii)
degree of yarn mobility; (iii) yarn strain energy absorption capacity; (iv) sliding
of the projectile against the fabric. These combine to yield an increase in the
ballistic limit with pre-tension for an initial range, after which it drops. In terms
of impact obliquity, the ballistic limit is higher for impact angles that are larger
with respect to the normal to the fabric target.
Chapter 5 described the behavior of the fabric subjected to high speed pro-
jectile impact at velocities exceeding the ballistic limit. The evolution of energy
absorbed by the fabric with impact velocity was examined, and the effect of
pre-tension on fabric performance assessed. The experimental setup was similar
to that described in Chapter 4, and simulations were also conducted to help
interpret experimental data. The variation of the energy absorbed with impact
velocity displays an increasing-decreasing trend; this profile had yet to be ratio-
nalized. Results show that for speeds higher than the ballistic limit, the increase
in energy absorption for a certain impact velocity range is mainly associated
with fabric kinetic energy. Consequently, a higher pre-tension, which hinders
fabric movement, does not improve the energy absorption capacity of a fabric,
although it is effective in reducing fabric deflection. An investigation into the
233
CHAPTER 6. CONCLUSIONS AND RECOMMENDATIONS FOR
FUTURE WORK
effect of pre-tension and impact velocity on the fabric transverse wave speed was
also conducted; results show that a higher pre-tension increases the transverse
wave velocity and that the transverse wave speed increases linearly with impact
velocity. An analysis of the primary yarns shows that the effect of longitudinal
wave speed cannot be neglected for the time-scale considered in this study, and
that early fabric failure (before fabric deflection has propagated to the edges)
beyond a certain impact velocity is mainly due to stress non-uniformity. The
degraded performance of fabrics subjected to high pre-tensions is due to greater
stress non-uniformity, which promotes early failure. Chapters 4 and 5 show that
pre-tension effects depend on the impact velocity; the ballistic limit is enhanced
over a certain pre-tension range, but for impacts exceeding the ballistic limit
significantly, pre-tension decreases energy absorption.
6.3 Outlook and suggestions for future work
6.3.1 Significance of the achievements and outlook
The findings of the work undertaken are applicable to other types of fabric.
The clamping device developed for dynamic testing of aramid yarns can be used
or adapted to characterize the mechanical behavior of other polymeric or non-
polymeric yarns, fibres or flexible laminates. Testing of materials which cannot
be molded into dog-bone specimen (yarns, membranes, and flexible polymers) is
a challenge and the method established in this study has been demonstrated to
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be effective.
The numerical model of the fabric can also be adapted to analyse other fabrics.
The weave pattern can be varied; simulations of impact by projectile of differ-
ent shapes can also be undertaken, along with impact on multi-layer specimens.
Simulation of pull-out tests for other configurations is also possible. The fixture
designed for clamping fabric specimens during impact is also able to accommo-
date several layers. This enables investigation into the influence of the number
of layers on fabric performance. Multi-layer specimens can also be subjected to
different pre-tensions and inclinations.
The experimental results also identified the optimum amount of pre-tension a
fabric should be subjected to in order to maximize its energy absorption capacity.
This can potentially be of use to designers, or serve as a reference for other
researchers interested in studying this parameter.
6.3.2 Suggestions on future work
The fixture was designed to accommodate multi-layer specimens. A study of
projectile impact on specimen composed of several layers would be instructive
because research on the relationship between the number of fabric layers and
fabric performance has yet to be fully explored. Ha-Minh et al. [98] proposed
an analytical study to investigate the performance of multi-layer fabrics, with
different distances between the layers and different sizes. They found that the
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shorter the distance between layers, the higher the ballistic limit and that a
larger fabric size results in a higher ballistic limit. However, there has been
no investigation into the influence of the number of layers. The present fixture
can accommodate a number of layers and the numerical model is also able to
simulate several layers of fabric material, but problems could arise if the model
size becomes too large; a greater computational capacity is necessary in order to
keep within reasonable time-scales.
The finite element model developed can also be used to simulate tests con-
ducted on fabric but in different applications:
i - There was a recent study [99] on the resistance of inflatable air blad-
ders against projectile impact, and the effect of incorporating a sheath of
Twaron® fabric around the air bladders. The deformation mechanisms
were difficult to identify from only high-speed visual images. Simulation of
the bladder and fabric sheath combination should provide useful insights
into the modes of deformation.
ii - Another study examined the performance of military sand bags wrapped
by Twaron fabric instead of classic burlap (jute or sisal) bags to analyze
the enhancement of ballistic resistance [100]; the fabric model developed in
this study can also be used to compare the performance of both materials
and explain the experimental results observed
236
CHAPTER 6. CONCLUSIONS AND RECOMMENDATIONS FOR
FUTURE WORK
With regard to the computational model, discretization of fibres within a yarn
might eventually need to be undertaken when computer performance enables it.
Current investigations do not model such experimental detail; doing so will be
a major achievement. This would enhance modelling accuracy considerably, as
it would eliminate the artificial fabric stiffness by modeling every fibre and its
interactions with its neighbors. Yarn deformation would become much more ac-
curate and phenomena such as partial breakage of yarns, fibrillation, and single
fibre pull-out would potentially be able to be modeled. In addition, the limita-
tions of the model in the current study are largely due to the homogenization of
yarns, and fibre-level models would address the issue. However, a fabric model
with dimensions similar to that described in this study obviously increases the
computational cost drastically. Moreover, contact interactions between fibres
generate issue of stability, necessitating further investigation. Intermediate so-
lutions with hybrid models (fibre-level modeling in the impact region and yarn-
level modelling for yarns not significantly affected by deformation) would be an
intermediate step. Such models would however require characterization of the
fibre mechanical properties, which is a complex task because of difficulties in
manipulating fibres, due to their small dimensions (≈ 10µm diameter).
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This appendix describes briefly the experimental setup for a Hopkinson bar
test and presents the equations for stress, strain and strain rate in the specimen.
A.1 Experimental setup
Fig.7.1. Tensile Hopkinson bar.
Figure 7.1: Schematic representation of a tensile Hopkinson bar apparatus.
When the tubular striker impacts the anvil at the end of the incident (or
input) bar, a tensile wave is generated, which travels toward the specimen. Upon
reaching the specimen, part of it is reflected back (reflected wave) while the other
part travels through the specimen into the output bar (transmitted wave). These
waves are recorded by pairs of diametrically opposed strain gauges, mounted on
the loading bars, 1.15m from the specimen on the input bar (gauge factor: 2.11)
and 0.6m from the specimen on the output bar (gauge factor: 113) to measure
the incident, reflected and transmitted strain signals. The output bar gauges are
highly sensitive in order to capture the small transmitted strain because the load
bearing capacity of a single yarn specimen is small.
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From basic one-dimensional elastic wave theory, the stress, strain and strain
rate imposed on the specimen are obtained from the strain gauge signals via the















where σS, εS and ε˙S are respectively, the engineering stress, engineering strain
and engineering strain rate of the specimen; AS and l0 are the initial cross-
sectional area and length of the specimen. A is the cross-sectional area of the





) the elastic wave speed in the bars. εi and εt are the incident and
transmitted strain [34]. It should be noted however that in this study, strain
and strain rate were measured directly from high-speed images using digital
correlation (see Chapter 2 for details).
A.2 Derivation of the Hopkinson bar equations
Consider the case of an impact on the left end of a rod as presented in
Fig.7.2(a):
u is the displacement in the x direction. Considering the force and accelera-
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Figure 7.2: (a) Schematic diagram of an impulse on the bar ; (b) schematic representation
of interface between input bar, specimen and output bar.
tion on an infinitesimal element dx,
∑




σ = Eε and that ε = du
dx
and a = d2u
dt2 → ddx(E dudx) = ρd
2u
dt2












This equation is solved using the general solution
u(x, t) = f(x− ct) + g(x+ ct)
Where f and g are functions of (x − ct) and (x + ct); f(x − ct) denotes a wave
traveling in the positive x-direction and g(x + ct) denotes a wave traveling in
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the negative x-direction. In Fig.7.2, since P acts on the left end of the rod, the
stress wave only propagates to the right, i.e. no wave propagating to the left.
Hence
u(x, t) = f(x− ct)
v(x, t) = u˙(x, t) = −cf ′(x− ct) (7.6)
ε(x, t) = du
dx




, with v positive in the positive x-direction (7.8)
Where v is the particle speed and c the speed of sound in the material. The
negative sign represents physically a compressive (i.e. negative) strain when the
bar is impacted in the positive x-direction.
Consider the interface between the specimen and the bars. Fig.7.2(b) depicts
the interface between specimen and the incident/transmission bar. The specimen
has a length l0 and a cross-sectional area of As; both the incident and transmis-
sion bar have cross-sectional areas of A. As previously stated, the incident stress
wave generates the strain εi which is partially reflected back (εr) and partially
transmitted through the specimen to the transmission bar leading to strain εt.
The relationship between the elastic wave velocity c in the bar, particle velocity
v, and strain is:
εi = vic ; εr = −vrc ; εt = vtc
255
CHAPTER 7. APPENDICES



















(εi(t)− εr(t)− εt(t))dt (7.12)
The forces at the interfaces are
F1 = EA(εi − εr) ; F2 = EAεt (7.13)
Assuming that wave propagation effects within the specimen are negligible, then
F1 = F2 and
εt = εi − εr








































It should be noted that this analysis assumes rapid stress equilibrium in the
specimen. This is fulfilled when the incident pulse is sufficiently long compared
to the time necessary for a stress wave to travel through the specimen.
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B Derivation of the capstan equation [1]
Consider the system in Fig.7.3(a), where a yarn is rolled around a cylinder; it
sustains a load Tload on one side of the cylinder and is balanced by Thold on the
other side. The yarn is in contact with the cylinder over an angle β.
Figure 7.3: Free-body diagram of yarn segment in contact with a cylinder.
The free body diagram of the yarn in contact with the cylinder is shown in
Fig.7.3(b). The normal force N of the cylinder against the yarn, the tension T in
the yarn and the frictional force F which acts against movement of the yarn are
functions of the angle θ, both in magnitude and direction. Due to this unknown
force distribution, the problem is solved locally (Fig.7.3(c)).
Consider a small yarn element ds in Fig.7.3(c) subjected to tension, the normal
force against the cylinder dN and the friction force dF . Because dF acts against
sliding, it increases the tension in the yarn by dT . Assuming impending motion,




Fx = T cos(
dθ
2 ) + µdN − (T + dT ) cos(
dθ
2 ) = 0 (7.21)∑
Fy = dN − (T + dT ) sin(dθ2 )− T sin(
dθ
2 ) = 0 (7.22)
Given that θ is small, a first order approximation gives:
sin dθ2 ' dθ2 ; cos dθ2 ' 1
Neglecting second order terms, we obtain:

















Tload = Tholdeµβ (7.25)
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C Constitutive model in Abaqus and rheologi-
cal model
C.1 Background theory and general equations
As the yarns studied are found to be rate-dependent, and no yielding is ob-
served in aramid fibres, the material can be considered viscoelastic. A theoretical
background can be found in Engineering Viscoelasticity [101] by Gutierrez and
is used in Abaqus.
Considering a material which is subjected to a step-strain function:
σ(t) =

0 if t < 0
M(t)ε0 if t > 0
(7.26)
M(t) is the tensile relaxation modulus of the material, which governs how the
stress varies when the material is subjected to a sudden increase in strain. Using
the Heaviside function (H(t) = 0 if t < 0 and H(t) = 1 if t ≥ 0), then
σ(t) = M(t).H(t)ε0 (7.27)
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The same sudden increase in strain applied at time t1, if the material does not
age, would yield a similar response, and hence
σ(t) = M(t− t1).H(t− t1)ε0 (7.28)
In general
δσk(t) = M(t− tk)δεk (7.29)
i.e. each increment of strain δεk which is applied at time tk+1 is responsible for
a change in stress δσk. Since each of these incremental loads and responses are
independent of each other, the total stress in the material results from the sum












δtk with t > tk (7.30)























C.2 Constitutive relation for the 1-D rheological model
used in this study
As described in Chapter 1, the Prony series model is defined by a series of several
springs and dashpots put in parallel with one another, as shown in Fig.7.4.
Figure 7.4: Prony series model used in this study.
For the yarn model developed in this study, a five-element Prony series model
is used. However, to reduce the size of the equations, a three-element model is
chosen to deduce the relationship between stress and strain in such framework
(Fig.7.5).
Figure 7.5: Three-element Prony series model, used for calculation.
σ = σ1 − σ2 (7.33)
σ1 is the stress in the elastic portion and σ2 is the stress in the Maxwell model:
σ = E1ε− σ2 (7.34)
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For the strain rate in the Maxwell model branch:
ε˙2 = ε˙12 + ε˙22 (7.35)














σ2 = µ2ε˙− µ2
E2
(σ˙ − E1ε˙) (7.38)
And
σ = E1ε+ µ2ε˙− µ2
E2
(σ˙ − E1ε˙) (7.39)
σ + µ2
E2












If the strain rate is constant, this equation has the following form:
y + ay′ = bx+ c (7.42)




y + ay′ = 0 (7.43)







The particular solution is:
y = Ax+B (7.45)
Ax+B + aA = bx+ c (7.46)
By comparison
A = b→ A = E1 (7.47)
B + Aa = c→ B = c− ba (7.48)










ε + E1ε+ µ2ε˙ (7.50)
Initial conditions: at the beginning, stress and strain are zero
A0 = −µ2ε˙ (7.51)
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Hence, the total stress is
σ(ε) = E1ε+ µ2ε˙(1− e−
E2ε
µ2ε˙ ) (7.52)
Due to linearity, and independence of each Maxwell element in the general Prony
series model, the general form of the equation is:
σ(ε) = E1ε+ µ2ε˙(1− e−
E2ε
µ2ε˙ ) + ...+ µnε˙(1− e−
Enε
µnε˙ ) (7.53)
C.3 Abaqus implementation [2]
Abaqus uses a similar framework, differentiating shear behavior, and volumet-
ric behavior.
C.3.1 Shear and volumetric behavior (general case)
Considering a material element subjected to a small shear with non-constant









γ is the shear strain
γ˙ s the strain rate














Where p(t) is the hydrostatic pressure defined by
p(t) = −σ11 + σ22 + σ333 (7.57)
K0 is the instantaneous bulk modulus and
εvol = −ε11 + ε22 + ε333 and ε˙
vol the volumetric strain rate (7.58)
C.3.2 Relationship between stress and strain in a Prony series model

























































































































γcreep is the creep strain, i.e. the difference between the instantaneous elastic
strain, and the total actual strain experienced by the material.
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C.3.3 Relationship between Abaqus and rheological model























































































Considering the strain rate to be relatively constant (similar to Appendix C.2.)























The first term in the bracket cancels out with the E1ε in the very first parenthesis,









and because t = ε
ε˙







This result is similar to that of (Eq.7.53), proving that the model used and its




The failure algorithm is described in Fig.7.6. It consists of a stress-based
criterion, with progressive damage to the element before reaching the zero stress:
• Stress along the yarn direction (σ11) is checked
• If this value exceeds σf , a counter is activated and notes the number of
times σf is exceeded. This prevents premature failure due to numerical
noise. When stress exceeds σf for a prescribed number of times, damage
is initiated and the value for strain at this point is recorded
• The subsequent increase in damage is controlled by the strain value: if
the strain in the element exceeds εfail + εincrement, damage increases and
subsequently, each time the total strain value increases by another εincrement
(i.e. εfail+2εincrement, εfail+3εincrement,...), damage is increased. Each time
the damage increases, the Young’s modulus in the element decreases by the
same amount, until the stiffness in the element is reduced to zero
• When the damage variable reaches its maximum value, the stiffness in the
element is zero and the element is deleted
As with Fig.4.9 in Chapter 4, this method yields good agreement with exper-
iments. Contrary to previous studies using truss elements [78], the stability of
the code allows failure to be implemented anywhere in the fabric.
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Figure 7.6: Failure criterion algorithm.
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E Details on model geometry
The manufacturer’s data for the T717 Twaron®fabric in this study indicates
a thickness of 0.43mm and an areal density of 280 (+/- 5) g/m2. Micrographs
of the fabrics were taken in order to measure the fabric structure. Fig.7.7 shows
micrographs of (a) weft and (b) warp yarns, which confirm the thickness value
given by the manufacturer. This corresponds to a thickness of approximately
215µm, as depicted in Fig.7.7(c).
Figure 7.7: Micrographs of yarn profile (a) weft and (b) warp yarns;(c) fabric thickness.
Fabric micrographs were also obtained to deduce the wavelength of the yarns,
and it was observed to be approximately 2.4mm, and the yarn width was slightly
more than 1mm. These dimensions are consistent with the observed average
values of 116 yarns for a 140mm wide specimen, which correspond to a wave
length of 2.41mm.
Two sets of orthogonal yarns are interwoven in the fabric; the approximate
thickness of the yarns is 0.21mm, while its width is ≈1mm.
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Figure 7.8: Micrographs of fabric.
The geometrical model of the fabric was formulated in ABAQUS based on
these data, and is summarized in Fig.7.9. The profile was approximated by a
spline in ABAQUS, and the yarn cross section was taken to be ellipsoidal, similar
to the work by Grujicic et al. [13] et al. and Zhou et al. [58]; the elliptic edges
were straightened in order to simplify meshing of the yarn, as shown on the yarn
cross-section in Fig.7.9.
It should be noted that the cross-section must also correspond to the fabric
weight and fibre density. The latter influences the physics of the problem because
stress wave propagation is directly related to material density. The geometry of
the fabric model must ensure: (i) no mesh intersection (which generates insta-
bility) and (ii) that the actual areal density is preserved. Given that yarns are
idealized as a homogenous bulk material (compared to actual fabric, where yarns
are made of interlaced fibres), they tend to have a higher weight and this must be
adjusted accordingly. With the geometrical model of the yarns described in the
current study, the total mass for a 140x140mm fabric model is of 5.8g, compared
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Figure 7.9: Schematic diagram of yarn profile and cross-section modelled in ABAQUS.
to 5.4g to 5.6g for actual fabric specimens according to the manufacturer’s data;
hence, this was deemed reasonable.
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